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THE EFFECT OF SORBED WATER ON THE PHYSICAL 
PROPERTIES OF ASBESTOS AND OTHER FIBRES, 
WITH SPECIAL REFERENCE TO RESILIENCE! 


By L. M. PmpGEON? AND A. VAN WINSEN?® 


Abstract 


It has been shown that relative humidity exerts a definite effect on the physical 
properties of a mass of asbestos fibre. A special apparatus has been devised in 
which a mass of fibre may be compressed in such a way that the volume, pressure 
and relative humidity of the sample are known at any time. The effect of 
sorbed water on asbestos is to increase the apparent density and to decrease 
compressibility and resiliency. It has been assumed that the major factor 
which controls these characteristics is the fact that sorption of water affects the 
surface in such manner that the slippage of the fibres over one another is facil- 
itated. Since no fibre unit is experimentally obtainable in the case of asbestos, 
the fibre bundle must be considered and the stiffness of such a bundle depends 
on the ease of slippage of its components and hence on relative humidity. This 


fact is of prime importance in the testing of asbestos where humidity will exert a 
direct effect on the screen test. 


Cotton and wool fibres have been examined, and a definite effect of humidity 


demonstrated. Certain theoretical speculations in the case of cotton have been 
put forward. 


Introduction 


It has been known that sorbed moisture exerts a definite effect on the 
physical properties of fibrous materials, such as cotton; the effect of sorption 
on these organic fibres has generally been attributed to swelling and attendant 
phenomena. In the case of inorganic fibres such as asbestos, on the other 
hand, the physical effects of sorbed moisture are not as obvious, and until 
recently their existence had not been recognized. One of the writers (A.v.W) 
found that relative humidity exerted a definite effect on the physical properties 
of asbestos fibre. Screen test of the fibre showed definite variations and the 
apparent density seemed to be affected by humidity. In view of the practical 
importance of this observation, it seemed desirable to obtain quantitative 
data on the subject. The present research deals largely with asbestos fibre 
but has been extended to a limited degree to cotton and wool. 

1 Manuscript received October 23, 1933. 
Contribution from the National Research Laboratories, Ottawa, Canada. 
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An examination of the effects of sorbed moisture entails first, measure- 
ment of the amount of moisture sorbed under various conditions of relative 
humidity, and second, a measurement of the effect of this moisture on the 
physical properties of the fibres. The first part has already been carried 
out (2); the present paper describes measurements made on the second. 

The physical properties of a fibre which control the behavior of a fibrous 
mass are: (a) structural, such as section modulus, elasticity, resiliency and 
shape; (b) surface, including coefficient of friction and contour, which in- 
fluence the mutual effects of the fibres such as slippage and interlocking. 

In order to determine the effect of humidity on these properties it is neces- 
sary to examine first the individual fibres and then their mutual effect as 
manifested in a mass of fibres. With asbestos, however, the problem is 
complicated by the fact that no fibre unit such as appears in the case of cotton 
and other organic fibres is obtainable. It is possible to subdivide asbestos 
fibres down to the limit of the microscope and even then there is no reason 
to believe that the process may not be continued. Hence the first part of 
the ideal research is beyond reach of present knowledge and technique, and 
it becomes necessary to deal with the fibres en masse. 

One of the more obvious properties of a mass of fibres is the ability to be 
compressed and to return in some measure to the original volume when 
pressure is released. The amount of recovery after compression may be 
termed resiliency if the broader use of the word is accepted (4.e., resiliency is 
the potential energy due to strain, without limitation as to exceeding the 
elastic limit). This property is determined by the structural and surface 
factors referred to above. Sorbed water may affect either or both of these, 
but in any case the change will be detectable as a change in the resiliency of 
the mass of fibres. Hence by measuring this resiliency at different humidities, 
quantitative data regarding the physical effects of sorbed water are obtain- 
able. This procedure has been followed in experiments to be described. 


Apparatus and Methods 


An apparatus is required to compress a mass of fibres in such a way that 
the volume, pressure and relative humidity are known at any time. The 
method which has been followed consists of enclosing the fibre in a rubber 
bulb which is then subjected to a hydraulic pressure. A rubber bulb was 
previously used by Winson (5) when working with wool, but in his apparatus 
the sample was compressed by gas pressure. The change in gas pressure 
around the sample during compression offered a means of calculating the 
volume at any pressure from the gas law. This fact renders the apparatus 
unsuitable for the present use as changes in pressure in the gas surrounding 
the sample would result in changes in relative humidity. This difficulty 
has been removed in the apparatus to be described, in which the compression 
of the bulb is effected by the addition of a measured amount of liquid to a 
closed system. The volume and pressure may be directly and accurately 
measured. The pressure of the gas surrounding the fibres is unchanged 
during the compression, hence humidity remains constant. 
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Apparatus 


The apparatus is illustrated in Fig. 1. A rubber 
bulb A containing the sample is placed on a brass 
tube D opening to the atmosphere through a con- 
ditioning chamber. The bulb is placed in a glass 
jar B which is fitted with brass end plates and 
tension bolts. A liquid-tight seal is obtained with 
a rubber gasket, fitted to the ground rim of the jar. 
This part of the apparatus is connected by suitable 
tubes to the volume and pressure metering part as 
shown in the diagram. The metering part consists 
of a mercury manometer G, designed to produce 
minimum volume changes and a burette for adding 
known amounts of liquid. The liquid was forced 
into the jar by displacement with mercury. Water 
has been found to be satisfactory though any other 
chemically inert liquid would function equally well. 





Method 


a. Preparation and loading of samples. In the FG. 1. Diagram of com- 
Skok ° ‘ pression apparatus. 
initial experiments the asbestos fibre was inserted 
in the bulb by hand, using blunt nosed forceps. A fine glass tube ran in 
through the neck of the bulb and extended to the opposite extremity. Air 
at known humidity was passed through this tube in order to condition the 
fibre. It was found that with asbestos, the gas flow through the fibre was 
localized, most of the flow apparently taking place in a channel around the 
inlet tube, hence other means of conditioning the fibre were adopted. A 
glass tube 3 cm. in diameter was drawn down in a long taper to a diameter 
of 1.5 cm. The fibre was placed in this tube and air at known humidity 
passed through for 24 hr. The rubber bulb was then fitted over the small 
end of this tube, and partly inflated by pumping conditioned air into the 
tube, the pressure required to inflate the bulb being 3-4 cm. of mercury. 
The asbestos fibre was then tapped into the bulb after which the pressure 
was slowly released while the bulb was tapped gently. In this manner a very 
uniform type of packing was obtainable, the apparent density of dry and 
conditioned fibre giving a close check between different loadings. 


This loading technique could not be used with cotton and wool owing to 
the nature of the fibres. The dry samples were prepared in an oven at 105°C.., 
and subsequently loaded into the bulb by hand using forceps, the bulb being 
placed in a desiccator into which a current of dry air was passed. The 
higher humidities were treated in a similar way in a stream of conditioned 
air. It would probably be feasible to condition the fibres of cotton and wool 
by passing conditioned air through the loaded bulb. 


b. Manipulation of apparatus. After filling as described above, the rubber 
bulb is removed from the glass and the initial volume is obtained by water 
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displacement. The bulb is then fitted to the apparatus as illustrated, after 
which the apparatus is assembled and the end plates bolted. 


The jar B is filled with water and care is taken to remove all air bubbles. 
The jar is then attached to the metering portion of the apparatus. Volume 
readings on the burette and corresponding pressure readings are taken. 
The compression is achieved by adding mercury to the apparatus through 
the lower stopcock F. The pressure may be released in a regular way by 
removing the previously added volumes. The rate at which equilibrium is 
established after displacement may be measured by taking pressure readings 
against time. 


Results 


Typical results appear in Tables I to VII. The volume of the sample is 
listed on the left with the corresponding pressure during each cycle of pressure 
and release appearing opposite. The initial volume is obtained by water 
displacement, and the subsequent volumes are based on it and include the 
volume change as read on the burette. The pressure readings were taken at 
a set time (15 sec.) after the corresponding volume change. Several runs 
were carried out in which 10 min. or more elapsed between each reading: 
though some pressure change took place during this time, the essential nature 
of the curves was unchanged, hence the shorter times were adopted for reasons 
of convenience. It was possible to check the results reasonably well between 
different runs. Small errors in the measurement of the original volume 
simply shift the whole curve without altering its shape. A standard maximum 
pressure of 48 cm. of mercury has been chosen. A number of experiments 


TABLE I 


PRESSURE-VOLUME RELATION OF ASBESTOS FIBRE (30 gm.) DRIED IN AIR FOR 24 HR. 


Vol. Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 
ce. 








Comp.| Rel. | Comp.| Rel. | Comp.] Rel. | Comp. Rel. Comp.| Rel. 


























81 0.0 

75 4.8 

69 9.8 

63 18.0 

61 21.6 0.1 3.2 0.1 1.2 

60 23.8 0.3 5.6 0.2 3.1 0.0 _ —0.1 — | -0.2 

59 26.1 0.9 8.8 0.7 5.2 0.3 2:5 0.2 2.4 0.1 

58 29.0 Let A126 1.6 7.8 0.9 4.6 0.6 4.0 0.4 

57 31.6 3.3 | 17.7 38:1 11.9 1.8 8.1 1.3 7.0 ‘1 

56 35.0 5.7 | 24.4 5.6) 16:9 3.8} 12.6 3.1 10.8 2.3 

55 38.4 9.5) Si4 9.8} 24.0 6.7 18.6 S31 46.2 4.5 

54 42.0; 16.8] 39.6/ 19:0] 32.1 1471; 26.5] 10.2] 23.8 8.6 

53 46.1} 33.1] 47.0] 39.3] 42.0] 26.8] 37.0] 20.8] 33.2] 16.6 

52.8 -- —_ 48.0 — — -- — — — — 

52.6 48.0 — — _— _ -- -- — -— — 

$2.3 -- os — — 48.0 | — — —_ _— — 

52 —- oo — — 45 36.5 
_ a 48 —_ 
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at lower pressures were carried out but, while they showed the same general 
effects, the curves were not quite as clear as at the higher pressure. The 
upper pressure limit of the present apparatus was 75 cm. of mercury. 

The samples used in these experiments were of the following varieties: 

Asbestos. This fibre was a well-fiberized standard mill product of the 
chrysotile variety obtained from one of the mines in the Thetford district in 
the province of Quebec, classified as 4M fibre and having a Quebec Standard 
Test of 0.0—4.0—8 .0—4.0. 

Cotton. Unbleached cotton wool, short fibre. 

Wool. Scoured Colonial 56’s. 


TABLE II 


PRESSURE-VOLUME RELATION OF ASBESTOS FIBRE (30 gm.) IN AIR AT 95% RELATIVE 
HUMIDITY FOR 16 HR. SORBED WATER 3.0% BY WEIGHT 


Vol Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

cc. |Comp.{ Rel. |Comp.{ Rel. |Comp.{ Rel. |Comp.} Rel. |Comp.| Rel 
70 0.0 

64 9.4 

60 14.6 

56 21.8 

54 26.8 0.0 

53 29.4 0.2 4.9 0.0 

52 32.5 ey 7.1 0.3 Rid 0.1 0.0 0.0 
51 33.7 $3.5) ¥3.2 5.3 7.4 0.7 4.5 0.4 3.4 0.3 
50 39.1 7.6 41.8 3.9 14.0 2.8 10.5 2.0 8.4 1.4 
49 43.5 18.3 31.8 9.4 23.3 aan 18.8 sea 16.3 4.7 
48 47.6 43.1 23.6 35.6 18.3 30.8 15.0 27.2 $2.2 
47.3 48.0 -- — — 

47 48.1 45.6] 39.6] 43.0} 33.0 
46.8 48.0 — 
46.6 48.0 


TABLE III 


PRESSURE-VOLUME RELATION OF ASBESTOS FIBRE (30 gm.) IN AIR AT 60% RELATIVE 
HUMIDITY. SORBED WATER 1.3% BY WEIGHT 














Vol Cycle 1 Cycle 2 Cycle 3 Cycle 4 

cc. | Comp. Rel. Comp. Rel. Comp. Rel. Comp. Rel. 
73 0.0 

68 6.1 

62 11.1 

56 20.1 

55 22.0 0.0 

54 24.2 0.3 3.4 —0.1 

53 26.7 1.2 5.0 0.1 2.3 0.0 —0.4 
52 29.4 2.5 8.3 1.1 $3 0.3 2.7 0.4 
51 32.5 3.5 12.8 7.4 1.2 5.1 0.8 
50 36.0 6.2 17.0 3.5 11.3 2.5 8.0 1.9 
49 39.4 24.3 5.5 16.7 4.3 12.9 3.4 
48 43.6 21.6 33.0 10.9 24.4 7.5 19.1 5.2 
47.2 48.0 

47 42.0 22.6 34.5 15.0 28.1 11.3 
46.2 48.0 

46 45.5 34.6 40.2 27.0 
45.7 48.0 

45.3 48.0 
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TABLE VI 


PRESSURE-VOLUME RELATION OF WOOL (WASHED FIBRES, 35 gm.) DRIED AT 105°C. 


Vol. Cycle 1 Cycle 2 Cycle 3 Cycle 4 
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TABLE VII 


PRESSURE-VOLUME RELATION OF WOOL (5.0 gm.) IN CURRENT OF AIR AT 95% RELATIVE 
HUMIDITY FOR 24 BR. 


Vol. Cycle 1 Cycle 2 Cycle 3 Cycle 4 


- Comp. Rel. Comp. Rel. Comp. Rel. Comp. Rel. 
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Corrections 

a. Pressure exerted by rubber bulb. The bulb was filled with air under 
known pressure and its volume measured by.displacement. 

The pressure exerted by the bulb varied from 1.1 cm. of mercury at 36 cc. 
volume to 2.2 cm. of mercury at 83 cc. volume (1.7 at 58 cc. and 2.1 at 
69 cc.). 

These pressures should be added to the pressure readings in all the preceding 
tables if absolute values are required. At present the work is solely of a 
comparative nature, hence this refinement has been omitted. 

b. Volume change due to rubber connecting tube and capillary manometer. 
This was approximately 0.7 cc. for 48 cm. of mercury pressure rise. The 
value will be the same for conditioned or dry, hence a correction is unne- 
cessary at present. 

c. Pressure exerted by water column in left leg of manometer. At zero pressure 
in the jar B the right leg of the mercury manometer will register a slight 
pressure owing to the head of the water column over the mercury in the left 
leg. The manometer scale was therefore given a correction equivalent to 
this factor. 


Discussion of Results 
Asbestos 


Pressure-volume relation. The experimental results have been sum- 
marized in Table VIII and in the accompanying graphs. In Fig. 2 the 
compression and release cycles for dry asbestos fibre have been plotted. It is 


TABLE VIII 


AVERAGE VALUES FOR VOLUME AT DIFFERENT CYCLES AND RELATIVE HUMIDITIES 


Volume change 





Relative — — in cc. between p=o Vi V: — 
“—" ist. cycle | last cycle and p =46 cm. Hg. V. Vs samples, 
. . Ist. cycle | Last cycle gm. 
1 Ve 
Asbestos 
0.0 82.0 61.0 27.0 7.6 .330 .124 30.0 
60.0 68.0 50.0 23.6 6.6 . 348 432 30.0 
95.0 69.0 50.0 22.0 | .319 .102 30.0 
Cotton 
0.0 54.5 50.0 24.9 21.6 .457 .428 5.0 
95.0 52.0 42.0 23.5 13.5 -452 .322 5.0 
Wool 
0.0 56.0 54.0 30.9 29.7 ‘See .550 3.5 
95.0 54.0 47.0 28.7 22.4 .530 .478 5.0 
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apparent that the first compression results in a large amount of permanent 
deformation. The subsequent cycles continue the process but by the fifth 
cycle, the mass has nearly reached a position of equilibrium where the applica- 
tion and release of pressure will. bring about repeatable volume changes. 
The ratio of volume change on the first and last cycles is seen in Table VIII 
(columns 6 and 7) (also Fig. 10). 

It is of interest to note that the second compression curve falls well above 
the previous return, while a marked loop is formed owing to the fact that the 
return cycle shows very little volume change while pressure falls rapidly 
in the initial release. This indicates a ‘“‘locked’’ condition after compression 
which prevents the volume from increasing 
until much lower pressures are reached. 
This state of affairs naturally follows when 
a deformation causes both bending of an 
elastic body and friction between this body 
and others. 


oe 
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“os 10 15 20 28 30 35 40 48 50 
PRESSURE, cm. Hg: PRESSURE, cm. Hg- 
Fic. 2. Pressure-volume relation of dry Fic. 3. Effect of humidity on pressure- 
asbestos. g volume relation of asbestos fibre. 


A number of authors have obtained curves of this nature and have placed 
various interpretations on the areas. 


Winson (5), investigating wool fibre, assumed that the loop areas in two 
cases, when volumes were plotted as percentage volume change, were a mea- 
sure of the resiliency. This view is of course erroneous as it neglects the 
length of the loop and disregards the mechanical definition of resiliency. 


Schiefer (3) in his work on compressibility of textile materials, regarded 
resiliency as the ratio of the work recovered from the fibre on the release 
stroke to the work done on the fibre on the compression stroke. 

In the present work the stricter definition of resiliency will be adhered to. 
As mentioned previously, if the definition of resiliency be freed from the 
limitation of remaining within the elastic limit, the resiliency in this case 
is the work recovered as represented by the area under the release curves. 

Effect of sorbed water. The aim of this research has been to demonstrate 
that sorbed water exerts a definite effect on the physical properties of asbestos 
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fibre. As a preliminary study three humidities have been chosen, e.g., 0, 
60, and 95%, corresponding to sorption values of 0.0 (dry at 104°C.), 1.3, 
and 3.0% respectively. 

The effect of sorption is strikingly shown in the collected results in Table 
VIII and in Fig. 3, where the compression and return curves for the final 
cycles of typical experiments have been plotted. The most striking effect 
is the large change in apparent density which results from changes in sorption. 
Numerical values for this difference in density are given in Table IX. 

It is to be noted that the ratio of densities is similar at zero pressure for 
any cycle, while the actual value is directly related to humidity and thus to 
sorption. These differences of apparent density must be of great importance 
in any measurement which depends on density, such as a screen test, hence 

this factor will have a direct 
TABLE IX bearing on the commercial 
Vv testing of asbestos. 

ARIATION OF APPARENT DENSITY OF ASBESTOS FIBRE : 

WITH HUMIDITY Very much higher pressures 
would be required to compress 










Relative Initial cycle 5th cycle the dry fibres to the same 
humidity, |~ py. nsity volume as the conditioned 
% (apparent) | Ratio fibres. At the same time the 
percentage reduction caused 

95 .455 100 100 by a given pressure is remark- 
60 -435 96 90 ably similar in all cases, and 


371 80 





appears to be independent of 
sorption. 

Resiliency. By previous definition work recovered during the release 
stroke is the measure of the resilience. This has been measured in arbitrary 
units using the planimeter and the results appear in Table X. 


TABLE X 


ASBESTOS FIBRE—WORK DONE DURING pv CYCLE (pv IN ARBITRARY UNITS) 


Fibre conditioned at 95% relative 
Dry fibre humidity 





1 2170 285 1885 .13 

2 653 264 389 .40 

5 423 230 173 ae 
Cotton wool 


Pressure-volume relation. The pressure-volume curves for a typical sample 
of dry cotton wool are shown in Fig. 4. A curve very different from that 
for asbestos was obtained. The return curves fall much more closely on the 
compression curves and the difference between the first and subsequent cycles 
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is much less. The amount of locking of fibres is relatively less than with 
asbestos as the pressure does not fall nearly as rapidly on the release curves. 
The dry samples are some 12% more resilient than those containing sorbed 
water, as will be seen by comparing the work done on release strokes. It is 
of interest to note that using Winson’s definition (differences in Table X, 
a low value representing high resiliency) the dry fibre would be less resilient, but 
using Schiefer’s (ratios in Table X) there would be no significant difference. 








11. 














“Oo 8 10 18 20 25 30 35 40 45 50 © 5S 10 15 20 28 30 35 40 48 50 
PRESSURE, Cm. Hq: PRESSURE, cm. Hq; 
Fic. 4. Pressure-volume relation of dry Fic. 5. Effect of humidity on pressure- 
cotton wool, volume relation of cotton wool (final cycle). 


Effect of water sorption. In Fig. 5 are plotted the final cycles of cotton 
samples in the dry condition and in equilibrium with air at 95% humidity. 
In this condition, the cotton contains about 16% moisture, according to 
Urquhart (4). The curves may be best considered in conjunction with the 
values given in Table VIII. 

There does not appear to be any difference in apparent density at the 
beginning of the initial stroke. This would bé expected from the manner 
in which the cotton was packed in the rubber bulb. Considerable differ- 
ences in behavior appear on compression, the conditioned sample being much 
less compressible, and though the loops are approximately the same size, 
the return loop for conditioned cotton shows an effect very similar to asbestos 


in which a small increase in TABLE XI 
volume entails a large drop in COTTON FIBRE—WORK DONE DURING p 0 CYCLE 
pressure, indicating a locked (p » IN ARBITRARY UNITS) 
condition of the fibres (a sort 
of semi-permanent set). e . 4th cycle 
: ompression 
The apparent density at the loop Dry 95% relative 





end of the compression stroke humidity 
is reversed owing to the large 
compressibility of the dry Compression stroke 2116 
fibre. Theoretical reasons will _ Release stroke 887 


be advanced in a later part. 
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Values for resiliency appear in Table XI. The ratio of work done during 
release of the sample containing sorbed water to that of the dry fibre is lower 
than in the case of asbestos. 


Wool 
While outside the scope of this research, wool is of general interest as it 


exhibits a very twisted fibre and one likely to show a very high degree of 
resilience. 
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Fic. 6. Pressure-volume relation of dry Fic. 7. Effect of humidity on pressure- 
wool. volume relation of wool (final cycle). 


Pressure-volume relation. The pressure-volume relation for dry wool fibre 
is shown in Fig. 6. It is at once apparent that much greater reversible 
volume changes are obtainable at the same pressure change than with cotton 
or asbestos. Practically no permanent set takes place (see also Fig. 10), the 
compression ratio on the first and final cycles being almost the same as shown 
in Table VIII. 


Effect of sorbed water. The results of experiments on wool in the dry 
condition and containing sorbed water are shown in Fig. 7. The curves are 
not strictly comparable as the samples were not of the same weight. This 
discrepancy was unavoidable as the dry fibre occupied a much larger volume. 
However the effects of sorbed water are evident. The conditioned sample 
is less compressible and shows lower return and compression loops. 


Comparison of Asbestos, Wool, and Cotton 


In Figs. 8 and 9, typical pressure-volume curves for the fibres under dis- 
cussion have been plotted for both dry condition and in equilibrium with air at 
95% humidity. The volume changes have been plotted as percentages of the 
volume at the beginning of the last cycle. It is apparent that though asbestos 
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may be compressed only from 10 to 15% of its volume, wool may be com- 
pressed some 55% of its original volume by the application of the same 
pressure. Cotton falls between the two, showing 45% for dry fibre and 
33% for fibre containing sorbed water. The effect of sorption has been in 
each case to reduce the compressibility of the fibre mass. 
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PRESSURE, cm. Hq: PRESSURE, cm. Hg: 
Fic. 8. Pressure-volume relation of dry Fic. 9. Pressure-volume relation of - 
fibres (fourth cycle). at 95% relative humidity (fourth cycle). 


The pressure-volume curves have invariably been lowered by successive 
pressure and release cycles. This effect, which was greatest for asbestos and 
least for wool, is due to the fact that the fibres slip over one another to reach 
a position resulting in a smaller volume for the mass. The extent of this 
process is well shown in Fig. 10. In this graph, the pressure attained at a 
constant volume on succeeding cycles has been plotted against the appro- 
priate cycle. As the fibres slip the 
pressure at any given volume falls 
with successive cycles. The differ- 
ences between the fibres under dis- 
cussion are at once apparent from 
this curve and the effect of sorbed 
water is very pronounced, particularly 
with asbestos and cotton. (Wool may 
not be directly compared owing to the 
weight discrepancy). Presumably one 
of the pronounced effects of sorbed o Dy 
water is to facilitate the slippage of © 05 Hun 
the fibres. 
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comparison between asbestos, cotton Fic. 10. Effect of successive compression 
and wool may not be pressed very cycles on pressure (volume constant). 
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closely because of the large differences in fibre length. When the length-volume 
relation is altered by shortening the fibre the resistance to bending is increased, 
which results in an increased tendency for slippage. This undoubtedly 
accounts for a part of the difference between asbestos and the other fibres 
which have been examined. 

In general it seems that a definite measurable physical effect may be at- 
tributed to sorption by the organic and inorganic fibres examined. The 
effects may be summarized briefly as follows: (i) alteration of the shape of 
the compression and return loops; (ii) decrease in resilience; (iii) increase 
in apparent density; (iv) decrease in compressibility; (v) increase in the 
amount of permanent set or fibre slippage. 


Asbestos Theoretical Discussion 


It has been clearly shown that the amount of sorbed water affects the 
pressure-volume curves in a regular manner. As indicated previously, 
this change in property may be due to alteration in the structural or surface 
characteristics of the individual fibre units. The first result would naturally 
follow sorption in which the molecules of water penetrated into the mole- 
cular structure of the sorbing medium. The second result would follow a 
purely surface sorption. It is suggested here that the results may be ex- 
plained by assuming that the surface altered so that slippage of the fibres 
was facilitated. 

As mentioned before, these factors could be separated if experiments 
could be carried out on the effect of moisture on the individual unit, but as 
this is impossible in the case of asbestos, the two effects must be treated 
together. There is, however, some evidence that only one of the factors is 
operative in the present case. 

In the first place, it seems unlikely that absorption, or penetration of 
water into the- molecular structure takes place in asbestos. This would 
presumably be a slow process while the authors have shown previously 
that sorption of water by asbestos, up to a humidity of 65% at least, is fairly 
rapid when disturbing factors, such as the presence of air, are excluded. This 
absorption effect might be expected with organic fibres where chemically 
bound water may be removed at fairly low temperatures; with an inorganic 
compound like asbestos, on the other hand, rather high temperatures are 
required to remove this water so that it seems unlikely that absorption takes 
place at the temperatures existing in these experiments. 

It seems more probable that it is the surface factor that is being affected 
in the present case. The enormous subdivision of which an asbestos fibre 
is capable shows that a very large surface may be presented. The experi- 
mental results will therefore be discussed on the assumption that the effect 
of sorbed water has been confined to the surface and that the structural 
characteristics of the ultimate fibre unit are not appreciably changed. The 
differences which have been noted may be explained on the assumption that 
the major effect of sorption is to increase the ease with which the fibres slip 
over one another. 
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It has been shown that the application of a given pressure will compress 
the fibre containing sorbed water to a higher apparent density than the dry 
fibre. On the assumption which has been made, the ready slippage of the 
fibres containing sorbed water enables them to collapse over one another 
until a position of ‘‘repose’’ is reached, after which the mass may not be 
compressed further unless higher pressures are applied. Dry fibres will not 
slip as readily over one another; therefore, they are forced to bend. 

When a mass of fibre is subjected to a volume deformation a change in 
apparent density follows, caused by the operation of two major factors, 
deflection of the fibres and slippage. The extent of deflection will depend on 
the bending moment to which each fibre is subjected. For any given force 
this moment depends on the unsupported fibre length between contacts with 
neighboring fibres. As the apparent density increases, the number of con- 
tacts increases, and the moment for a given force decreases. Hence the 
individual fibres are less deflected by a given force and the fibre mass becomes 
less compressible and resiliency falls. A simple case of this is illustrated in 
Fig. 11, which shows five fibres in a fundamental position. 

In the initial stage A the fibre has 


insufficient strength to resist the stress; | 
as it bends its resistance to deformation a A 
is increased by two factors, first, in- ° ° 


creased potential energy due to strain, 
and second, additional points of contact 


with adjacent fibres, which shorten the Ocean B 


unsupported spans. , This stiffening Fic. 11. Effectof pressure on fibre deflection. 
of the fibres means increased resistance 


to deformation, thus increasing the tendency for slippage. As this occurs 
more points of contact are formed and the compressibility of the mass falls, 
and apparent density increases. Therefore, it may be seen that if the 
average section modulus is unaltered, the pressure-volume relation of a 
mass of fibres is ultimately dependent on the ease with which they slip over 
one another. 

If it is assumed that the effect of sorbed moisture is to facilitate this slippage, 
it follows that a mass of fibre in this condition will be more sensitive to com- 
pression, less resilient, and have a higher apparent density than a dry fibre. 

In the cbove illustration, the simplest case of a horizontal beam has been 
chosen; actually of course, the reactions are enormously more complex, 
but the same general reasoning would apply. 

This theoretical explanation appears to give a very satisfactory picture of 
compressional behavior of a mass of asbestos fibres. The shape of pressure- 
volume curve and the reason for apparent density differences which have 
been experimentally observed, are at once apparent. It has been noted that 
the resiliency of dry fibre is some 10% greater than for fibre containing sorbed 
water. This is predictable from theory, as the lower density and slip of the 
dry fibre allows a greater amount of volume change to take place by fibre 
bending. Hence, more work may be stored as potential energy. 
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Rate of Slip 
Further evidence in favor of the explanation which has been offered is 
afforded by a measurement of the rate and amount of fibre slippage. 


During the experiments it had been noticed that after a volume displace- 
ment some time elapsed before the pressure readings became constant. 
This is presumably due to slippage of the fibres resulting in a settling process. 
If the suggestions made above are valid, the process should be more rapid 
with fibre containing sorbed water. It was possible to measure the 
rate in the apparatus as employed. The pressure was rapidly increased 
at a constant rate to a fixed maximum, and pressure readings against time 
were then taken. The process was essentially that of measuring pressure 
change at a constant volume. 


The first and second cycles of such a process appear in Fig. 12. It is at 
once apparent that both the rate and extent of slip are much greater for the 
fibre in equilibrium with air at 95% relative humidity. This appears to be 
very convincing evidence in favor of the theoretical explanation which has 
been put forward. 


It might be suggested that 
the time required for the estab- 
lishment of equilibrium was 
due to gas pressure in isolated 
pockets in the fibre mass. This 
is improbable as the time 
elapsed is sufficient for the 
entrained air to escape; further- 
more, the order of magnitude 
of the observed effect would be 
reversed, as the rate of gas flow 
Fic. 12. Effect of humidity on rate of fibre slippage. would be slowest through the 

fibre of highest apparent density. 
Practical Applications in the Case of Asbestos 

In the case of asbestos, the fibre bundle may be taken as the ultimate unit 
for practical purposes. The strength of this bundle of fibres will depend, 
among other factors, on the ease with which the individual fibres may slip 
over one another and as this is facilitated by the presence of sorbed water, 
a fibre bundle in this condition will be more flexible than such a bundle in 
the dry state. 





This will have a direct bearing on the testing of asbestos. It is customary 
to screen the fibre through a number of standard meshes. It is obvious 
that at higher humidity, the long fibres will be more flexible and will pass 
through screens which would have held them, had they been dry. This 
fact has been noted in actual testing by one of the authors, but until now the 
reason has been in doubt. The difference in apparent density follows from 
the above and this will also exert a powerful effect on the screen test. 
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Only three humidities have been examined at present (0, 65 and 95%) 
so that the distribution of this effect over the range of sorption has yet to 
be elucidated. The sample at 60% relative humidity shows an initial ap- 
parent density similar to the samples at 95% relative humidity. Its be- 
havior on compression is more like the dry fibre, while the loop falls half 
way between (see Fig. 3). 


The properties which have been discussed must be greatly affected by 
fibre length but an examination of this factor involves a research in itself. 
It is possible that some relation between compressional behavior and fibre 
length might be obtained. Work of this nature is in projection. 


Extension of the Discussion to Organic Fibres 

That sorption affects the behavior of cotton and other organic fibres has 
long been known. The amounts of water which are taken up are much larger 
than those taken up by asbestos and the physical effects such as swelling, etc., 
are much more obvious. Hence, it would be expected that the physical 
properties of the individual fibres would be affected and perhaps also the 
surface characteristics as in the case of asbestos. Since a natural fibre unit 
of cotton is available it is possible to examine the surface and structural 
factors separately. 


The first factor has been the subject of a number of researches. Clayton 
and Pierce (1) have shown that the elastic moduli of individual cotton hairs 
are influenced in a regular way by humidity. The resistance to both bending 
and torsion is reduced by sorbed water. It is therefore clear that the com- 
pressional behavior of a mass of cotton fibres will be affected by the alteration 
in section modulus caused by humidity. 


It appears from the present results that the surface factor is also affected 
in such a manner as to increase the ease of slippage with increased amounts 
of sorbed water. While this effect is less marked than in the case of asbestos 
it is by no means negligible. This is seen in columns 6 and 7, Table VIII, 
where the average values for the ratio of volume change during compression 
to initial volume on the first and fifth cycles are 0.46 to 0.43 for the dry 
fibres and 0.45 to 0.32 for the conditioned fibres. Hence, considerably more 
packing has taken place in the latter case. 


A combination of these two effects will readily explain the observed effects. 
In Fig. 4 it has been seen that while the apparent density of the dry fibre is 
lowest at the beginning of the compression it becomes greater than that of 
the conditioned fibre at the highest point of compression. This is probably 
connected with the swelling of the fibres on sorption of water. Clayton and 
Pierce (1) have shown that the volume of soda-boiled cotton is increased 
by some 12% by sorption of water from the dry condition to equilibrium 
with a humidity of 95%. Hence the swollen fibre may not be compressed 
as far as the dry fibre owing to this reduction in real density. 
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THE ADSORPTION OF HYDROGEN SULPHIDE BY ACTIVATED 
ALUMINA' 


By C. H. BAayYLey? 


Abstract 


Measurements have been carried out on the adsorption of hydrogen sulphide 
on a commercial sample of “activated alumina” by the dynamic and static 
methods. The adsorption is influenced by prior heating of the alumina to 


various temperatures, being a maximum when the temperature of prior heating 
is 550° C. 


The use of solid adsorbents for the removal of certain constituents of 
gaseous mixtures has received much attention in recent years. The use of 
silica gel in this connéction is a familiar example. Aluminium hydroxide, 
when suitably treated, can be made to yield an oxide which possesses a high 
adsorptive capacity for many gases and vapors and a commercial grade of 
activated alumina suitable for such use has been on the market for some time. 


The adsorption of a wide range of vapors by alumina has been investigated 
by Munro and Johnson (7). These authors emphasize the manner in which 
the adsorptive powers of the material are influenced by its water content. 
Boswell and Dilworth (1) have investigated the adsorption of ethylene on 
aluminium hydroxides containing known amounts of water, and have 
shown that there is, at a certain optimum water content, a maximum adsorp- 
tion of ethylene. The use of “‘active’’ alumina as a desiccating agent has 
been investigated by Johnson (4) and others (2, 6). 


The following are the results of an investigation upon the adsorption of 
hydrogen sulphide by one of the commercial grades of activated alumina. 
The extent of the adsorption of this gas from low partial pressure mixtures 
(0.5 to 2%) appeared to be of possible interest in connection with the puri- 
fication of natural gas. Data were obtained regarding the extent of the 
adsorption of hydrogen sulphide from hydrogen sulphide-nitrogen mixtures 
and also in the absence of nitrogen by the static method. Owing to lack of 
time it was not possible to investigate the adsorption of hydrogen sulphide 
in admixture with the lower paraffin hydrocarbons. However, the results 
obtained are of interest, inasmuch as they reveal the existence of an optimum 
water content of the alumina which corresponds to maximum adsorptive 
activity. 


Materials Experimental 


The hydrogen sulphide was obtained from a cylinder of the liquefied gas. 
Analysis by the usual iodine method showed it to have a purity of 99.6%. 
The sample of activated alumina was supplied by the Aluminium Corpor- 
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ation of America through their Montreal office and was designated by them as 
Grade A. The sample was ground to 20-40 mesh. 


Apparatus 

In the stream experiments, which were of a preliminary nature, the alumina 
was located at the centre of a 10 by 200 mm. Pyrex tube which could be 
heated electrically; dry nitrogen containing definite percentages of hydrogen 
sulphide as obtained by Jacobson’s modification (3) of the method of Dunkley 
and Leitch, was passed, at a measured rate, over the alumina, the exit gases 
passing over a small piece of filter paper moistened with lead acetate solution, 
and thence through two gas washers containing a measured volume of 
standard iodine solution. In order to avoid loss of iodine, a third gas washer 
containing 10% potassium iodide solution was connected to the end of the 
train. The hydrogen sulphide taken up by the alumina was expelled into 
the iodine solution by prolonged passage of nitrogen or by raising the temper- 
ature of the alumina, and hence a check was obtained upon the amount 
taken as calculated from the volume of nitrogen-hydrogen sulphide mixture 
passed through. At the end of the experiment the contents of the three 
tubes were mixed and titrated with thiosulphate. 


In the experiments employing the static method, the usual type of appar- 
atus was used. This consisted essentially of a manifold carrying a calibrated 
bulb, burette, adsorption chamber, mercury manometer and outlet tube 
through which the system could be evacuated. Connection between the 
adsorption chamber and the arm of the manifold was made through a mer- 
cury seal. 


In order to determine the volume of the apparatus, the calibrated bulb was 
filled with dry air and closed off from the rest of the system. A weight of 
alumina equal to that to be used in the subsequent experiments was intro- 
duced into the adsorption chamber, which, along with the manifold and 
manometer arm, was evacuated. The level of the mercury in the manometer 
was brought to the zero of the scale, and the pressure read. By opening the 
tap to the calibrated bulb and again reading the pressure, the volume of the 
adsorption system could be calculated. This method neglects any error 
arising from the adsorption of oxygen or nitrogen by the alumina, but this 
has been shown to be small. Pressures were read to the nearest millimetre 
of mercury and volumes to 0.1 cc. The temperature of the adsorption vessel 
was not regulated, being 22° + 2° C. In the data, all gas volumes are cor- 
rected to 0° C. and 760 mm. 


(a) Stream Experiments 

Experiments were run with nitrogen-hydrogen sulphide mixtures of various 
compositions, the passage of the mixture being discontinued as soon as the 
lead acetate paper showed blackening. The hydrogen sulphide remaining in 
the reaction tube, as well as that adsorbed by the alumina, was then swept 
into the iodine with a current of nitrogen. In calculating the amount of 
hydrogen sulphide adsorbed, allowance was made for the amount of gas 
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remaining in the reaction tube. It was found that only a portion of the 
adsorbed gas was removed by nitrogen even after the latter gas was passed 
through for several hours. Upon raising the temperature of the alumina to 
200° C., most of the hydrogen sulphide could be quantitatively recovered, 
but the amount recovered was always less than the amount used. This 
would indicate that a portion of the hydrogen sulphide had reacted chemically 
with the alumina. During the process, a small amount of moisture was 
formed and upon repeating the passage of the nitrogen-hydrogen sulphide 
mixture it was found that the extent of the adsorption, for a given partial 
pressure of hydrogen sulphide, had increased. The alumina was heated to 
200° and 400° C. in a current of dry nitrogen and the adsorption measured 
after each heating. The results are shown in Table I. 


~ TABLE I 


ADSORPTION OF HYDROGEN SULPHIDE BY ACTIVATED ALUMINA, GRADE A. 
STREAM EXPERIMENTS 








Weight Rate of passage Partial aoe HS adsorbed 
of alumina, of gas mixture, pressure H,S, was heated ian. |? O™ alumina, 
gm. cc./min. mm. Na, °C. ce. 
4.0000 10 224.0 Not heated 
4.0000 10 Sasa 200 
4.0000 10 58.0 200 
4.0000 10 67.1 400 








(b) Static Experiments 


Curve 1, Fig. 1, shows the results obtained with a sample of the alumina 
that had not received heat treatment. The desorption curve lies only slightly 
above that for the adsorption. The extent of the adsorption is relatively 


small, corresponding to 7.6 cc. per gram of material at a partial pressure 
of 714 mm. 


Curve 2, Fig. 1, repre- 
sents the adsorption on a 
similar sample which had 
been heated to 700° C. for 
two hours in a current of 
nitrogen, during which con- 
siderable quantities of 
water were evolved. The 
amount of adsorption is 
very much greater, being 
20.5 cc. per gram of ma- 
terial at a partial pressure 
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and on lowering the pressure to 10 mm. there was still an unrecovered amount 
of hydrogen sulphide equal to 10 cc. per gram remaining on the alumina. 

Curve 3, Fig. 1, shows the results obtained upon repeating the adsorption 
on the desorbed sample. The curve is similar in shape to Curve 2 but the 
extent of the adsorption is less than that shown in the latter by an amount 
approximately equal to the amount of gas that was not previously desorbed. 
Upon heating to 200° C. in a current of nitrogen, all of the gas held by the 
alumina was evolved and upon repeating the adsorption, the curve obtained 
coincided with Curve 2. 

This observation, which was also made in the stream experiments, suggests 
that a portion of the hydrogen sulphide which is taken up reacts chemically 
with the alumina to form a 
compound which decomposes 
to liberate the gas on heating 
to 200° C. A yellow coloration 
developed on the alumina in 
these experiments. Its nature 
was not investigated. 


Fig. 2 shows the results 
obtained in a series of experi- 
ments in which 5-gm. samples 
of the alumina were heated 


PRESSURE MYDOOGEN SLAC mM respectively to 250°, 400°, 
Fic. 2. Adsorption of hydrogen sulphide by alumina 550°, 700°C. and strongly 
heated to sartens Somperetures. ignited with a Meker burner. 


The time of heating was three hours in every case. 

For a given partial pressure, the extent of the adsorption steadily increases 
and reaches a maximum in the case of the sample heated to 550° C. In the 
strongly ignited sample, the extent of the adsorption has fallen to a value 
below that given by the unheated sample. This is undoubtedly due to the 
effect of sintering of the surface. It is probable that this effect would be 
noticed in a sample which had been subjected to prolonged heat treatment 
at 550°C. However, this appears to be the most suitable temperature to 
employ in the activation process provided the heating is not prolonged. 

The water evolved in the Various heat treatments was determined in each 
case. Table II shows the relation between the amount of water remaining 
on the alumina and the extent of the adsorption at three partial pressures. 
The total amount of water on the material was determined by measuring 
the loss in weight of a similar sample when heated to 1000° C. in an electric 
muffle, to constant weight. The optimum water content for maximum 
adsorption appears to be between 1.4 and 1.1% based on the original weight 
of the material prior to dehydration. 

It will be observed that, for a given partial pressure of hydrogen sulphide, 
the adsorption values obtained in the stream experiments are lower than in 
the static experiments. This is due to the fact that in the former experiments 
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TABLE II 
EFFECT OF WATER CONTENT ON ADSORPTION OF HYDROGEN SULPHIDE BY ACTIVATED ALUMINA, 
GRADE A 
Adsorption, 
Initial Temp. of Water Residual cc. per gm. 
Material water/gm heating off, water, SSanIEEEEETEERIEEiiiieeen 
_ in N, °C. gm. gm. 50 100 | 400 
mm. | mm. | mm. 
Grade A 0.1035 400 0.0424 0.0611 7.4 | 12.0 | 14.6 
Grade A 0.1035 550 0.0891 0.0144 8.4 | 13.0 | 15.7 
Grade A 0.1035 700 0.0923 0.0112 8.4 | 13.0 | 15.3 
Grade A 0.1035 280 0.0332 0.0703 §:5'| 6:2 1 10.2 
Grade A 0.1035 Not heated ao 0.1035 1.5 Si 5.0 
Grade A 0.1035 1000 0.1035 — 4 1.8} 3.8 





the treatment was stopped as soon as hydrogen sulphide appeared in the 
exit gas and hence equilibrium between the gas and adsorbent was not reached. 

The observation that silica gel and alumina which possess certain definite 
contents of water exhibit a maximum adsorptive power for various gases 
and vapors has been made by McGavack and Patrick (5), Munro and John- 
son (7), and Boswell and Dilworth (1). These papers carry a full discussion 
of this phenomenon. 

It should be noted that the value for the optimum water content of the 
activated alumina here investigated is considerably lower than that found by 
Munro and Johnson for the maximum adsorption of water vapor and by 
Boswell and Dilworth for that of ethylene. This is probably due to the fact 
that the activated alumina used here unquestionably possessed a smaller 
extent of active surface per gram than did that of the finely divided aluminium 
hydroxides used by the above investigators. 
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INVESTIGATION OF VARIOUS PHYSICO-CHEMICAL FACTORS 
WHICH INFLUENCE SULPHITE COOKING! 


By H. H. SAUNDERSON? AND O. Maass? 


Abstract 


The penetration of aqueous sulphite solutions into differently shaped blocks 
of spruce wood has been investigated, the effect of the shape and type of wood, 
and of the presence of imprisoned air being determined. Measurements of 
the rates of diffusion of the constituents of calcium bisulphite solutions into 
pre-soaked blocks of wood showed that ‘‘free” sulphur dioxide diffused more 
readily than calcium bisulphite. Adsorption of sulphur dioxide and calcium 
bisulphite solutions by spruce wood was measured at 30° and 50° C., and the 
influence of this factor on penetration was determined. The effect of penetration 
on delignification indicated the necessity of a satisfactory distribution of the 
lime salt at a low temperature to avoid localization of the lime during the 
pulping process. 


Penetration 


In a previous paper (9), the authors discussed the forced penetration of 
aqueous sulphite solutions into spruce wood, due to a difference in the hydro- 
static pressure of the liquid on two sides of the piece of wood. The present 
paper reports an investigation on the penetration of aqueous sulphite solutions 
into wood blocks of various shapes where the solutions completely surround 
the wood. This approaches more closely to the conditions in the sulphite 
process of manufacturing wood pulp, and the results obtained may be applied 
to explain some of the features of that process. 

Edwardes (1) found that with disks 3, 1 and 2 in. in thickness, the pene- 
tration of liquid depended more on the pressure applied than upon any pre- 
liminary evacuation of the wood, a result contrary to that reported by Enge 
(2). Schwalbe and Berndt (10) compared the absorptions from equimolar 
solutions of calcium and magnesium bisulphites by blocks of wood averaging 
40 by 7 by 2 mm. They found that the calcium and magnesium salts were 
removed to about the same extent, the amount of absorption being measured 
by weighing the soaked blocks. Schwalbe and Lange (11) found that heart- 
wood and sapwood of spruce could be differentiated by their relative absorp- 
tions from magnesium bisulphite solutions. They found also that free sulphur 
dioxide solutions were absorbed more readily than those in which the sulphite 
was in the form of the magnesium salt. Richter (7) placed commercial 
spruce chips in bottles, added a definite volume of sulphite liquor, then 
observed the change in concentration with time. 

In these various results, no attempt was made to separate diffusion from 
adsorption or chemical absorption. Such adsorption would be very important 
with regard to the penetration of sulphite liquor, but very little work has 
been done on the adsorption of either calcium bisulphite or sulphur dioxide 


1 Manuscript received September 20, 1933. 
Contribution from the Physical Chemistry Laboratory, McGill University, Montreal, 
Canada. 
2 Research Chemist, International Paper Company, Hawkesbury, Ont. 
3 Macdonald Professor of Physical Chemistry, McGill University. 
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by wood. Grace (3) studied the sorption of gaseous sulphur dioxide on small 
blocks of wood, and found that the amount of gas held increased continuously 
for 10 hr., the maximum being 13.6%. Of this amount, about 4°; could 
not be removed by evacuation for 24 hr. 

Natural penetration was studied in two ways, each of which would yield 
certain information. Sinkage tests were performed on various types and 
shapes of wood blocks under varying conditions. Richardson (6) found that 
practically a constant percentage absorption of solution was required to 
cause a block to sink, so the time a block took to sink was a measure of the 
rate of penetration of the liquor into it. The other method of approach was 
to study the concentration changes of sulphite liquor surrounding pre-soaked 
blocks of wood of various shapes. This gave an indication of the rate of 
diffusion of the solute particles into the wood. In order to estimate the 
effect of adsorption, some measurements were made of the amount of free 
and combined sulphur dioxide which could be adsorbed by wood. The effect 
on the pulp of the failure of the constituents of the liquor to penetrate satis- 


factorily was also tested in order to apply the penetration data to the problem 
of commercial sulphite ‘‘cooking.”’ 


Sinkage Tests Procedure 


Richardson’s method for measuring the rate of penetration of liquids into 
various shapes of wood blocks was employed. Ten standard shapes of blocks 
were used, each being 2 gm. in weight. The measurements of the 10, measured 
longitudinally along the fibre direction were 2.5, 5, 7, 9.8, 15, 19, 32, 52, 
90, and 128 mm. The transverse sections were square, of sufficient area to 
give a two-gram block. The apparatus used was a large vacuum desiccator, 
having an inlet tube through which liquid could be admitted quickly. A 


removable brass screen was arranged to fit about 2 in. from the bottom of 
the desiccator. : 


The samples of wood were placed on the bottom of the desiccator, then 
the screen fitted over them. The desiccator was evacuated for 15 min. using 
a water vacuum pump which reduced the pressure to about 10 mm. of mer- 
cury. Then sulphite liquor of the desired strength was allowed to run into 
the desiccator rapidly until it had filled all the region below the screen. 


Atmospheric pressure was restored, and the time it took the blocks to sink 
was noted. 


Diffusion Tests 


Blocks of wood of various shapes, previously soaked in water, were placed 
in sulphite solution, and the change in concentration of the sulphite liquor 
around the blocks gave a measure of its penetration into the wood. In 
addition to this simple diffusion, two other factors affected the sulphite 
concentration. The water in the soaked wood diffused outward into the 
solution, diluting it, and the wood surface acted as an adsorbent for Loti 
the free and combined sulphur dioxide. 
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The wood used was prepared in a manner similar to that used in the sinkage 
tests. Twenty blocks of approximately one gram each were made for each 
run, all blocks being of the same length, measured along the fibre. The 
weight of the 20 blocks was taken as a group. A sample of the same wood 
was used for a moisture determination, and from this the ovendry weight of 
the blocks was calculated. The blocks were carefully soaked in water by 
alternate evacuation and pressure for several days, by which time they were 
well filled. They were then rolled over blotting paper to remove surface 
moisture, allowed to stand in the air for 15 min., and weighed. Knowing the 
calculated ovendry weight and the weight of the wood when soaked, the 
amount of water introduced with the wood was determined. 


The blocks were placed in a 125-cc. glass-stoppered reagent bottle filled 
with a measured amount of sulphite liquor of known strength. At intervals 
analyses were made of samples withdrawn from the bottle. The error intro- 
duced by the removal of this liquid was small, and no correction was made 


for it. 


Adsorption Tests 

The side arm of a 200-cc. Pyrex distillation flask was bent up parallel to 
the neck. A straight glass tube fitted through a rubber stopper down into 
the centre of the flask. This apparatus was connected to the original pene- 
tration apparatus (9, p. 418) by a heavy rubber tubing, clamped on. The 
feed tube from the penetration apparatus was connected to the side arm, 
the central glass tube leading to the outlet valve. The flask was fitted into 
the oil bath for temperature control. 


The flask was filled with ovendry spruce flakes, then the central glass tube 
was worked down until the end of it was near the centre of the flask, and 
the rubber stopper was wired in place., The flask and wood were evacuated 
to a pressure of about 5 mm. of mercury, using a Hyvac pump connected to 
the outlet tube. Then the solution was allowed to flow into the evacuated 
flask. For the next 15 min. a gentle stirring motion was given to it by hand. 
At the end of 15 min., the outlet tube was flushed with about 15 cc. of liquid, 
and a test sample was withdrawn and analyzed. 


Comparison of Runs 61 and 62 indicates that the dry heartwood sank 
much more quickly than the fresh-cut wood. This difference was due prob- 
ably to a greater ease of removal of air in the evacuation of the dry wood. 


The difference caused by evacuation of the sapwood was shown in Runs 
63 and 64. In Run 64, in which the air was not removed, the time of sinking 
was several thousand times greater than that,of the corresponding evacuated 
blocks. The relative order of sinking shows a slight change also. Where 
there was evacuation, the block that sank the most slowly was longer in 
proportion to its weight than the block from which the air had not been 
removed. Evidently the imprisoned air can diffuse out laterally, but the 
chief inflow of liquid into evacuated wood is along the tracheids. 
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TABLE I 


RESULTS OF SINKAGE TESTS 





Approx. Approx. 
h . Li , 
SO: conc. a Length eee Time ength ae Time 
7 Preliminary of section of section 
in soln., to to 
g, treatment block, of sink block. of ‘oni 
si mm. block, mm. block, 
sq. mm. sq. mm. 


Run No. 61—Fresh heartwood. Temp., 25° C. 












Evacuation 2.5 

Free, 3.74 to 10 mm, 5.0 6 days 
Comb'd., 1.25 | press. for 15 min. 7.0 15 days 

9.8 16 days 

~ 15.0 16 days 

Run No. 62—Air-dry heartwood.* Temp., 25° C, 
Total, 4.99 Evacuation 2.5 2200 30 sec. 19.0 290 65.0 min. 
Free, 3.74 to 10 mm. 5.0 1100 1.5 min. 32.0 170 44.5 min. 
Comb'd., 1.25 | press. for 15 min. 7.0 790 18.0 min. 52.0 105 6 hr. 

9.8 560 32.0 min, 90.0 61 11 hr. 

15.0 370 28.0 min. 





Run. No. 63—Fresh sapwood. Temp., 25° C. 











Total, 5.12 Evacuation y 1500 20 sec. 18.8 200 75 sec. 
Free, 3.84 to 10 mm. 5.0 750 20 sec. 32.0 115 270 sec. 
Comb'd., 1.28 | press. for 15 min. 7.1 535 20 sec. 51.0 75 345 sec. 
10.0 380 20 sec. 90.0 42 650 sec. 
15.0 250 35 sec. 128.0 30 405 sec. 
Run No. 64—Fresh sapwood. Temp., 25° C. 
Total, 5.12 No 2.$ 1500 9Ohr. . 18.8 200 16 days 
Free, 3.84 preliminary 5.0 750 3 days 32.0 115 24 days 
Comb'd., 1.28 evacuation 7.1 535 3.5 days $1.0 75 23 days 
10.0 380 4 days 90.0 42 18 days 
15.0 250 14 days 128.0 30 10 days 





Run No. 65—Fresh heartwood. Temp., 50° C, 





Length of block, mm. | Time to sink |} Length of block, mm. | Time to sink 


Total, 5.00 Evacuation 2.5 30 sec. 19.0 9 dayst 

Free, 3.80 for 15 min. 5.0 15 hr. 32.0 10 days 

Comb'd., 1.20 7.0 2 days 52.0 8 dayst 
9.8 4 days 90.0 12 days 
15.0 7 dayst 128.0 11 days 





*This wood was not from the same sample as the wood used in Run No. 61, but had about the 
same number of rings per inch, and appeared to be of the same structure. 


tAt the end of five days the temperature was lowered to 25° C. The samples noted all dropped 
to the bottom, but when the temperature of 50° C. was restored, they rose again. 























28 CANADIAN JOURNAL OF RESEARCH 
TABLE II 
RESULTS OF DIFFUSION TESTS 
Conc. of the sol. 
Vol. of around the wood 
Wood sol. Conc. of sol. Equilibrium Time |————_—_- 
added, added, % conc.* of sol., % in Com- 
. Free, 
ce. min, SO», % bined 
" | 80s, % 
Run No. 71 
Type—fresh heartwood 75.5 Free SOsz, 3.33 Free SO:, 2.36 5 3.2 1.22 
Length, along fibres, 5 mm. Comb’d. SOs, 1.20 Comb’'d. SOz, 0.85 20 2.50 0.95 
Oven-dry wt., 17.46 gm 50 2.15 0.97 
(caled.) 110 2.02 0.90 
Wt. after soaking, 48.36 235 1.99 0.89 
gm. 470 1.97 0.85 
Wt. of water in wood, 1435 1.94 0.81 
30.90 gm 


Run No. 72. Temp., 25° C. 





.07 








Type—fresh heartwood 81.6 Free SO:, 3.35 Free SO:, 2.46 5 3 1.13 
Length, along fibres, Comb'd. SOz, 1.16 Comb'd. SO:2, 0.85 20 2.81 1.04 
10 mm. 50 2.59 1.05 
Oven-iry wt., 16.43 gm. 120 2.37 0.89 
(caled.) 240 2.13 0.93 
Wt. after soaking, 480 2.10 0.83 
46.02 gm 1500 2.07 0.78 
Wt. of water in wood, 6000 2.01 0.72 
29.59 gm 
Run No. 73. Temp., 25° C 
Type—tfresh heartwood 82.0 Free SOs, 3.35 Free SOs, 2.40 15 3.01 1.05 
Length, along fibres, Comb'd. SO:, 1.16 Comb'd., 0.83 60 2.70 1.06 
19 mm. 120 2.53 1.00 
Oven«iry wt., 16.05 gm. 240 2.32 0.93 
(caled.) 480 2.14 0.93 
Wt. after soaking, 1500 2.03 0.81 
48.26 gm. 6000 1.95 0.75 
Wt. of water in wood, 
32.21 gm. 





Run No. 74. Temp., 25° C. 











Type—fresh heartwood 87.0 Free SO:, 3.33 Free SO:, 2.48 30 2.86 1.22 
Length, along fibres, Comb'd. SO:, 1.18 Comb'd. SO:2, 0.88 90 2.68 1.10 
32 mm. 210 2.45 1.12 
Oven-dry wt., 15.59 gm. 435 2.31 1.07 
(caled.) 1215 2.21 0.92 
Wt. after soaking, 1905 2.14 0.87 
45.24 gm. 2625 2.01 0.84 
Wt. of water in soaked 
wood, 29.65 gm. 
Run No. 75. Temp., 25° C. 
Type—fresh heartwood 76.0 Free SOs, 3.35 Free SOx, 2.45 30 2.82 1.07 
Length, along fibres, Comb'd. SOs, 1.16 Comb'd., 0.85 90 2.62 1.04 
65 mm. 240 2.34 1.00 
Oven-dry wt., 18.49 gm. 480 2.18 0.95 
(caled.) 1500 2.10 0.87 
Wt. after soaking, 6000 2.02 0.78 
46.37 gm. 


Wt. of water in soaked 
wood, 27.88 gm. 





*Assuming that there is no adsorption or chemical action which will remove sulphite from the 
solution. 
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In heartwood, the least effective shape for absorption seems to be approxi- 
mately 100 mm. long by 7 mm. by 7 mm. for a two-gram block when the 
wood is evacuated. To reach the centre, liquid from the ends would travel 
50 mm. as compared to 3.5 mm. from the sides, which gives an indication of 
the relative velocities. No data were recorded for sinkage tests on heartwood 
where no evacuation was used. 


The effect of a rise in temperature on the rate of sinking is rather remark- 
able. It is well known that diffusion is much greater at higher temperatures, 
so the increased time of sinking at 50° C. must be due to some other factor. 
The answer probably lies in the interesting test performed after Run 65 had 
been in progress for five days, when the solution was cooled to 25° C. The 
fact that three more blocks sank, and then rose again as the temperature 
was restored to 50° C. indicates that air pockets in the wood were keeping 
the solution out. The contraction of the gas as the temperature dropped 
sufficed to let the block absorb enough liquid to sink. 

From these results, it is evident that the flow of liquids is much greater in 
a direction along the fibres than across them, but diffusion will take place 
across them. 





CONCENTRATION FREE sQ,. = 





Fic. 1. Rate cf #er-'y tt wy jree sulphur dioxide for chips of different shapes. 


‘Tue results for the change in concentration of free sulphur dioxide in Runs 
71 to 75 are shown graphically in Fig. 1. 

In all the runs, the decrease in free sulphur dioxide was much more rapid 
than that of the combined. This may have been due to two causes; the 
free sulphite may diffuse more rapidly into the wood, or it may be adsorbed 
to a greater extent. The amount of adsorption is too small (see below) to 
account for all the change, so the free sulphur dioxide must diffuse more 
rapidly than the combined form. It is very probable that both factors 
contribute to the rapidity of the decrease. 

The decrease of both free and combined sulphur dioxide in each run to a 
value below the calculated equilibrium was expected, owing to the known 
adsorption of sulphite on wood. ‘The fact tliat free sulphur dioxide is adsorbed 
to a greater extent accounts for the greater drop below the equilibrium vaiue. 





a 
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A comparison of the five runs indicates the shape of block which removes 
the solute most slowly. For one-gram chips, this is the 32 mm. block, which 
apparently is the least effective shape to permit penetration by diffusion. 
It is noticeable that while this wood does not remove the sulphite rapidly, 
it continues to do so gradua!!s: over a long time period. The decrease in 
combined sulphur dioxide is proportionaic!’ .ot so rapid as that of the free 
in the early stages o! a run, but toward the enu vf tie run, its decrease is 
proportionately greater. 


TABLE III 


ADSORPTION TESTS 


Temperature, °C. 30 30 50 50 
Pressure, atm. 2 2 2 2 
Weight of oven-dry wood, gm. 45.96 43.46 45.47 44.60 
Volume of solution added, cc. 171 171 171 171 
Concentration of solution added 

Free SOQn., % 1.98 1.94 1.97 1.84 

Combined SO2, % 1.38 1.39 1.38 1.41 
Analysis of solution after 15 min. 

Free SO2, % 1.87 1.82 1.90 1.79 

Combined SO:, % 1.35 1.37 1.36 1.39 
Weight of free SO; adsorbed per gm. of 

wood, gm. 0.0041 0.0048 0.0020 0.00! 
Weight of combined SO; adsorbed per gm. 

of wood, gm. 0.0011 0.0008 0.00075} 0.00: 


In general, the adsorption of free sulphur dioxide is about four times as 
great as that of combined sulphur dioxide. In both the temperature coefficient 
is negative, as would be expected for true adsorption, but the decrease is 


more marked with the free than with the combined sulphur dioxide. 


The Relation of Penetration to Delignification 


The practical effect of a lack of satisfactory penetration was investigated. 
In this work, the extent of delignification of the wood was accepted as an 
index of satisfactory cooking conditions. Four groups of experiments were 
arranged as follows:—(a) The effect of the forced penetration of ordinary 
sulphite solution through wood during the course of an ofdinary “cook.” | 
(b) The effect of a rapid rise in temperature in the early stages of a ‘‘cook” | 
on penetration and delignification. (c) The influence of penetration on the 
effect of cooking with sulphur dioxide solutions only. (d) The influence of 
penetration on the effect of cooking with lime solutions only. 


i 
} 
j 








FACTORS WHICH INFLUENCE SULPHITE COOKING 31 


The Effect of Forced Penetration 
Three disks of air-dry heartwood, 2 cm. in thickness and 3 cm. in diameter, 
were made from one block of wood. The first of these was fitted into the 
apparatus for forced penetration (9) and was completely filled with sulphite 
liquor at room temperature. This disk was cooked for seven hours, the 
temperature rising to 110° C. in two hours, then gradually to 140° C. at the 
end of seven hours, a flow of about 3 cc. of liquor every 10 min. being main- 
tained through the wood. At the end of seven hours, the wood was cooled 
rapidly, washed out with cold water, dried, and analyzed for lignin according 
to the method of Ross and Potter (8). The second block was filled with 
sulphite liquor by forced penetration at low temperature. It was then placed 
in the forced penetration apparatus and cooked loose, about 3 cc. of liquor 
being removed from around it every 10 min. The same range and duration 
of temperatures were uSed. The block was then analyzed. The third block 
was treated as the second, except that the preliminary filling was with water 
instead of sulphite liquor, the block then being cooked in sulphite liquor. 
Results are shown in Table IV. 
Comparison of the three 
runs shows the effect of a 
supply of cooking liquor. 


TABLE IV 
EFFECT OF FORCED PENETRATION ON DELIGNIFICATION 


No. 52 No. 53 


Where there was a con- - Pn Th Preliminary | Preliminary 
tinuous fresh supply due to penetration sulphite water 


forced penetration, the delig- ws ee | eee 


nification was more rapid, i 

. ignin in 
although in Run 52 the pre- ‘product, %| 13.13 17.41 22.95 
liminary penetration of — ft FE 
sulphite liquor assured the NoTE.—Concentration of solution: free SO, 1.89%; 
presence of the necessary combined SO2z, 1.22%; pressure, 7 atm. 
reagents. The removal of reaction products in Run 51 probably contributed 
to the rate of delignification also. In Run 53, where the sulphite liquor had 
to diffuse into the wood, there was a much slower reaction. This established 


definitely the importance of satisfactory penetration. 


The Effect of a Rapid Rise in Temperature 


Two blocks of air-dry heartwood, 2 cm. in thickness and 3 cm. in diameter, 
TABLE V were made from the same 


EFFECT OF A RAPID RISE IN TEMPERATURE ON block of wood used in Runs 


DELIGNIFICATION 51 to 53. One of these was 
filled by preliminary penetra- 
P No. 54 No. 55 tion with a sulphite liquor 
reliminary Preliminary . é : 
sulphite water which contained enough lime 
penetration penetration and sulphur dioxide to cook 
Lignin in the wood, the amounts being 
product, 7% 11.73 31.26 calculated from Klason’s 


figures (5). The other block 
Note.—Concentration of solution: free SO2,'2.87%; i 
combined SOx, 2.09%. f ewnn 7 Ba : % was filled with water. The 
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blocks were cooked loose in the usual type of penetration apparatus (9). 
The cell was filled with sulphite liquor, the temperatures raised to 140° C. in 
18 min., and maintained for five hours. No fresh liquor was introduced 
during the run. 

The apparently increased amount of lignin over that in the original wood is 
due to the decreased amount of cellulose and other constituents, which leaves 
a larger relative amount of lignin. 

At the end of the cook in Run 54, the wood was lighter in color than normal 
wood, and was easily broken apart into fibres. The product of Run 55 was 
quite hard, and was brown in the centre. Along the ends of the block, the 
wood was of the same light color observed in the former run. This was 
evidently the only part delignified, while the centre was slightly burnt. Under 
the conditions of cooking used, the precipitation of a lime salt on the surface 
of the block probably let only a small amount of lime into the wood. This 
prevented the formation of calcium salts of the lignosulphonic acids, and 
the removal of the lignin in that form. 

Run 54 showed that a rapid increase in temperature did not cause burning, 
provided that a sufficient supply of lime and sulphur dioxide was present. 
The slow temperature rise necessary in the usual mill cooks was thus proved 
to be due to lack of penetration rather than to the time required for any 
organic reaction to take place and thus “‘protect’’ the lignin. 


The Effect of Cooking with Sulphur Dioxide Solutions 


The effect of sulphur dioxide alone was investigated by making compar- 
ative runs following the same procedure as in runs Nos. 54 and 55, but using 


TABLE VI 


EFFECT OF COOKING WITH SULPHUR DIOXIDE 
SOLUTIONS ON DELIGNIFICATION 













a solution of sulphur dioxide 
only. This solution was 
forced through one wood at 
room temperature, while the 


No. 56 No. 57 other block was being filled 

cant ee with water. Both blocks were 

ee then cooked loose in a cell for 

atte five hours at 140° C. after a 
product, % 50.4 50.8 rapid rise to that temperature. 





Both blocks were almost 
completely burnt, being a 
very dark brown or black. 
The wood had lost its mechanical strength and could be powdered very 
easily. There was no difference between the blocks. 


Note.—Concentration of solution: free SO2, ¢.93%. 
Pressure, 10 atm. 


The Effect of Cooking with Lime Solutions 


A corresponding pair of runs was arranged using lime only with no sulphur 
dioxide present. This presented one novel feature, a method of getting about 
1% of lime into wood in the preliminary penetration. The method adopted 
was to penetrate the wood thoroughly with a 5% calcium chloride solution. 
Then the penetrating liquid was changed to 1% sodium hydroxide, and 45 
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cc. was forced through the TABLE VII 
wood. This was just about the EFFECT ON DELIGNIFICATION OF COOKING WITH 
eo f LIME SOLUTIONS 
amount theoretically required ooo 
to precipitate, as calcium No. 58 No. 59 
hydroxide, all the calcium Preliminary Preliminary 
° ° at 

present in the wood as calcium cnieinatiain wctmenuaten 
chloride. Distilled wate ———)— 
(100 cc.) forced through /#snin in 

7) OS ee ee product, % 31.4 32.8 
to remove any excess of either 
calcium chloride or sodium NotTE.—Solution, saturated lime water. Pressure, 7 

atm. 


hydroxide. Only a small 
amount of lime would be washed out in this treatment. 


The wood which had been penetrated with lime was slightly lighter in 
color than the other, as though the wood which had been water-filled was 
burnt slightly. In neither case was there any evidence of cooking. 

It is significant that in Runs 56 and 57, where no lime was present, there 
was the same intensive burning of the wood that was only water-filled as of 
the wood filled with sulphur dioxide at the start. This proved that the 
sulphur dioxide, or its products that caused burning of the wood, was able 
to penetrate satisfactorily through the wood. When lime was present in 
sufficient amount, as in Run 54, the wood cooked normally. If only a small 
amount of lime was present, such as had probably diffused into the wood in 
Run 55, this small amount prevented the wood from burning to any extent, 
but thcre was not sufficient to form soluble calcium salts of the lignosulphonic 
acids, and thus delignify the wood. 


Discussion 


The work on natural penetration indicated the ease of entry of liquid into 
wood in a longitudinal direction as compared with either tangential or radial 
flow or diffusion. With regard to the shape of chips used in commercial 
practice, it emphasizes the advantage of short chips, and shows the least 
effective chip shape, variation from which in any direction will give more 
rapid penetration. The best shape for penetration obviously will be one in 
which one dimension approaches zero. 

The addition of sulphite liquor to the chips in the digester surrounds each 
chip with solution, imprisoning the air normally in the wood. A comparison 
of the sinking times of sapwood specimens of various shapes, evacuated and 
not evacuated, showed that the air-filled wood took several thousand times 
as long to sink as a similar block evacuated. Though the pressure used in a 
digester should reduce this difference very much, the presence of air in wood 
is a very important hindrance to penetration. 


This factor is of importance in considering the relative merits of hot or 
cold liquor for penetration. At a high temperature, any contained air will 
be in an expanded condition, occupying a larger part of the wood and allowing 
less of the liquor to get in. One way in which this air may be replaced by 
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liquid is to get it into solution. At a high temperature, the solubility of 
gases in liquids decreases markedly, and the likelihood of the air dissolving 
lessens with rise of temperature. The imprisoned air at high temperature 
may exert its harmful effect in a third way. The free sulphur dioxide of the 
sulphite liquor will go into the gaseous phase readily, leaving the solution 
much weaker. If the vapor phase is large, relative to the volume of liquor 
in the wood, sufficient sulphur dioxide may escape, so that some calcium 
sulphite precipitates, clogging the wood and causing a maldistribution of the 
lime. 

On the other hand, the use of a hot penetrating liquor has certain well- 
marked advantages. The entry of the cooking reagents is not only by the 
mass movement of liquid, but there is a diffusion of both sulphite and calcium 
ions into and probably through the wood. This diffusion will be hastened by 
a rise in temperature, the rate of increase being specific for each ion. Another 
advantage is that at a high temperature there is less adsorption of the re- 
agents. The work on adsorption showed that at room temperature the 
concentration of the liquor as it advanced into the wood would be noticeably 
decreased, owing to the large adsorption of sulphur dioxide, and it would be 
altered in relative concentration owing to the difference in adsorption between 
free and combined sulphite. The work on forced penetration showed that 
a solution low in sulphur dioxide would not penetrate so readily, so there 
would not only be a decrease in solute concentration but a reduced amount 
of solution entering the wood. 


A comparison of the conflicting lines of evidence shows that the objection 
to the use of hot penetration (other than the technical difficulties) is all based 
on the presence of air. This point should be given more thorough experi- 
mental investigation. 


From the experiments on delignification, it seems evident that the chief 
problem in penetration is to ensure a sufficient supply of lime. The free 
sulphur dioxide penetrates without difficulty; according to the experiments 
on diffusion, it enters the wood much more rapidly than the combined sulphur 
dioxide. The chief obstacle to the penetration of an adequate amount of lime 
has been found to be precipitation. This precipitation of calcium sulphite 
at the surface of wood has been found to occur at temperatures much lower 
than was commonly supposed. The work of Gurd (4) on the equilibria existing 
in the SO;-CaO-H:0 system gives more definite evidence of the precipitation 
temperature for varying concentrations. The precipitation point must not 
be exceeded in the early part of the process, or there will be localization of 
the lime, and consequent irregularity in the cook. This may be caused by 
local overheating or ‘‘boring.’’ If the lime is distributed evenly through the 
wood, the temperature can be raised as rapidly as desired with no danger of 
burning. The presence of a large concentration of free sulphur dioxide pre- 
vents precipitation of the calcium salt, and also aids in its penetration. This 
is probably the reason underlying the recent use of solutions of high sulphur 
dioxide concentration. 
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FURTHER INVESTIGATION OF THE PENETRATION OF LIQUIDS 





INTO WOOD! 
By J. H. SUTHERLAND,? H. Wyatt JOHNSTON’ AND O. Maass* 


Abstract 


The rate of penetration of water through heartwood, pressure and temper- 
ature remaining constant, shows an initial fairly rapid decrease followed by a 
gradual decrease to a constant rate. With unseasoned sapwood, the rate of 
penetration increases to a maximum, after which it slowly decreases. With 
seasoned sapwood the rate decreases with elapsed time. Pre-soaking for periods 
up to seven days does not affect the equilibrium rate of penetration. The 
initial rate is lower with pre-soaked than with air-dry wood. Pre-soaking does 
not hasten the attainment of an equilibrium rate. Rate of penetration is fairly 
constant for heartwood specimens of the same kind taken from the same trans- 
verse section of a tree. Unseasoned sapwood is more than 200 times as per- 
meable as heartwood from the same tree. White spruce, black spruce and red 
= heartwoods show about the same penetrability at low pressures. At 

igher pressures red pine becomes much more permeable than white spruce at 
the same pressure. The same is true of cedar, tamarack and balsam. Un- 
seasoned sapwoods show increasing penetrability in the order hemlock, balsam, 
red pine, white spruce. Observed apparent penetration radially and tangentially 
through heartwood is less than 9% of that in the longitudinal direction. (Water 
actually penetrating was in no case greater than 1% of that penetrating longi- 
tudinally in the same time through a specimen of the same thickness.) In sap- 
wood the rate of radial and tangential penetration is less than 2% of that in the 
longitudinal direction. Tangential penetration of white spruce sapwood is 
probably greater than radial penetration. Rate of longitudinal penetration 
increases with decrease in thickness of specimen. A very great increase in rate 
is noted after the thickness becomes less than one fibre length. This is suggested 
as a method of obtaining an approximation to the averagé fibre length. Rate is 
not inversely proportional to thickness, but decreases more rapidly with increas- 
ing thickness owing to loss of pressure head in passing pit membranes. Rate of 
penetration increases with increase in pressure differential. The rate is propor- 
tional to gence (or slightly greater) in white spruce. The rate increases 
much more rapidly than proportionately with balsam, tamarack, cedar and 
red pine. This is due to bulging of thin pit membranes and consequent enlarge- 
ment of perforations. Magnitudes of pressure and back pressure have no effect 
on rate of penetration, or time to reach an equilibrium rate, if pressure differ- 
ential remains constant. Penetrability is not altered permanently by the 
pemme of pressure. Rate of penetration increases with temperature. 

emperatures above 70° C. have a permanent effect on the penetrability. 
Intensive drying of wood increases its penetrability. 

Sucrose solutions cause a decrease in rate of penetration greater than that 
expected from viscosity considerations. Molar sodium hydroxide increases the 
permeability of heartwood specimens of greater than one fibre length, and 
decreases that of sapwood and very thin sections of heartwood. Molar hydro- 
chloric acid decreases the rate of penetration through heartwood, but has little 
effect on that through sapwood. Gases penetrate seasoned heartwood and 
sapwood easily. Pre-soaked heartwood strongly resists penetration by gases. 
Short lengths of unseasoned or pre-soaked sapwood are fairly easily penetrated 
7 gases. All the evidence points to the absence of any valve action on the part 

7 membrane tori. 

new theory has been advanced to account for the phenomena ordinarily 
ascribed to valve action, and also to explain those observations which could not 
be explained satisfactorily as due to torus valves. 
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Economic Importance of Penetration 


The permeability to liquids is a limiting factor in the choice of wood for 
many practical purposes. In some of the uses of wood, penetration of liquids 
into the body of the wood is of very great practical importance, and either 
optimum conditions for this penetration or means of eliminating or reducing 
it are of industrial value. 


For cooperage purposes, where liquids are contained in wood for long 
periods, the wood should be practically impermeable to the contained liquid. 
White oak (Quercus alba) wood has been found to be almost impermeable to 
flow across the grain of the wood, and, since it also possesses other desirable 
properties, it is extensively used in this industry. 

In many of its uses wood is exposed to the action of fungi and insects. 
Treatment of the wood, for preservation against destruction by these causes 
is desirable. This involves impregnation of the wood to a greater or less 
extent by such substances as creosote or zinc meta-arsenite solution. When 
such treatment is to be given the choice of species of wood amenable to the 
treatment is important. 


In lumbering operations, where logs are floated by water to the sawmill 
or pulp mill, great losses are sustained due to sinkage of logs en route. Logs 
of some species of wood are such poor floaters that they are not cut at all. 
In these cases, the use of methods by which penetration of water intc logs 
could be sufficiently retarded to permit of a larger recovery of floated logs 
would greatly benefit the industry. 


In the manufacture of wood pulp, the wood is disintegrated into fibres by 
mechanical or chemical means. The latter involves the loosening of the 
cementing action of the middle lamella by the use of suitable chemicals. 
Penetration of the cooking liquor into the wood is one stage of the process, 
and information as to the optimum conditions for this penetration would be 
of practical value to the industry. 


Other cases might be cited showing the importance of penetration of liquids 
into wood, but the above are sufficient to show the economic value of inform- 
ation as to the permeability of various species, and of the factors affecting 
penetration of various liquids into wood. 


Structure of Wood 


In softwoods the predominant cell type is the tracheid (6). Tracheids are 
elongated cells, with tapering ends, extending parallel to the axial direction 
of the tree. The primary wall of a tracheid is formed by differentiation of 
living cells in the cambium layer of the tree. Secondary layers are laid down 
by apposition of new material, in the form of plates, centripetally to the 
primary walls. Tertiary walls may be laid down discontinuously on the 
secondary walls. The primary walls of adjacent cells become fused together 
forming what is commonly known as the middle lamella. The two most 
important constituents of cell walls of wood are cellulose and lignin. The 
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middle lamella is said (11) to contain a much larger proportion of lignin than 
do the secondary and tertiary walls, while the latter layers consist more 
largely of cellulose. 

All the tracheids of a tree are not similar. In the season when growth is 
most rapid, the tracheids formed are relatively large, thin walled and loosely 
aggregated compared with those formed in the season of the year when growth 
is slower. These differing tracheids serve to mark out the annual rings of the 
tree. The thin celled part of the annual ring is known as springwood, and 
the thicker celled part, easily distinguishable by its denser structure and 
darker color, is summerwood. The transition throughout each annual ring 
is usually gradual. 


In the original cells of the cambial layer communication between adjacent 
cells is provided by bundles of fibrils known as plasmodesma. These fibrils 
disappear when the tracheid is formed, but in the thickening of the cell walls, 
the areas through which fibril bundles passed do not thicken as does the rest 
of the wall. These thin areas, known as pits, with their perforations afford 
the means of communication between adjacent tracheids. In softwoods the 
pits are chiefly of the type known as “‘bordered” pits. In this type of pit the 
portion of wall separating the two lumina is the pit membrane. This mem- 
brane has a thickened central portion, the torus, and has numerous perfor- 
ations in the marginal portion surrounding the torus. The secondary walls 
extend somewhat over the pit membrane but free from it, and have a perfor- 
ation opposite the torus. 

Adjoining tracheids overlap, at least the tapering portions where pits are 
usually most abundant. In softwoods, pits are largely restricted to the radial 
walls of the tracheids. They are so arranged that channels for longitudinal 
conduction of sap are provided through a series of lumina which form a more 
or less direct line. 

The structure of wood outlined here is that given in most modern treat- 
ments of plant anatomy. Some writers differ in their view of the mode of 
formation of tracheids and in other details, but the authors consider this 
outline to give a simple and reasonable working idea of the subject. 

It has been claimed that a pit membrane can act as a valve and close the 
pit by the torus being pressed against the pit mouth, and that this is a char- 
acteristic of water-conducting cells only. 

There are two theories as to the change from sapwood to heartwood. One 
is that cells when first mature are most active in conduction of sap and there 
is a gradual slowing down of conduction until functional activity ceases, that 
is, it has become heartwood. The other theory is that the tracheids retain 
their conducting power until, for some reason, the pit membranes become 
closed and so prevent conduction of sap. Important chanzes taking place in 
this transformation are: the complete disappearance of protoplasts from the 
tracheid lumina; and withdrawal of cell sap; the water content of the cells 
is reduced; there are formed in, or brought into, the changing cells such new 
substances as oils, gums, resins, and coloring materials; and pit membranes 
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become fixed to a greater or less extent in the closing position. In this way 
the wood has become physiologically functionless and its only function is 
that of supporting the trees. 

Other units of structure of softwoods are medullary rays and resin ducts. 
Medullary rays are rows of elongated cells extending in the radial direction 
of the wood. They have bordered pits by which they communicate with 
tracheids. Resin ducts are long, narrow intercellular spaces surrounded and 
limited by a layer of cells. They are filled with resin. 

The structure of hardwoods is much more complex than that of softwoods. 
In the former, tracheids with bordered pits are absent, being replaced by wood 
fibres differing from tracheids by having thicker walls and narrow cavities, 
and simple pits. Vessels of indeterminate length extend as tubes longitudinally 
in the tree. They also occur as pores in cross sectional directions in the wood. 


~ 


Researches on Penetration of Liquids into Wood 


Early research on the subject of forced penetration of liquids into wood 
was undertaken by those interested in preservative treatment of wood. 
Tiemann (23) carried on some research on the subject and drew up an hy- 
pothesis to explain the mechanism of penetration of preservative liquids into 
wood. Microscopical examination of impregnated wood specimens led him 
to conclude that liquids penetrated chiefly by passing from one tracheid 
lumen to the next through minute slits produced in the walls of tracheids by 
seasoning. He thought, as did botanists at that time, that each tracheid of 
fresh wood was ‘‘completely closed by the continuous primary wall.” The 
difficulty of forcing gases or preservative into fresh unseasoned wood seemed 
to be satisfactorily explained by this theory. Weiss (24) explained the greater 
penetration of preservative into summerwood than into springwood of the 
same annual ring by the fact that the thick walls of summerwood tracheids 
would crack more than the thin walls of springwood. 

Teesdale (22) of the Forest Product Laboratories at Madison, Wisconsin, 
carried out tests on the amenability of 20 species of conifer to preservative 
treatment with creosote. He found that in species where there were radial 
resin canals, creosote was carried by these channels and from them penetrated 
longitudinally in the annual rings encountered. Here radial penetration was 
from one-fourth to three-fourths that in the longitudinal direction. Where 
there were no radial resin ducts, longitudinal penetration was from 20 to 120 
times as great as that radially or tangentially. In all the common species, 
penetration into the late summerwood was more rapid than into other parts of 
an annual ring, but on standing a few weeks all parts of the annual ring became 
uniformly treated. In the pines, spruces and some other species, sapwood is 
much more penetrable than heartwood. This seemed to be the case in species 
which had a highly developed resin system, while species having no resin 
ducts showed little difference in permeability between sapwood and heart- 
wood. In some species radial penetration was greater than tangential pene- 
tration, while in others the reverse was the case. 
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Bailey (1) undertook to check Tiemann’s observations and theories. He 
used more refined microscopic methods in an examination of the structure of 
wood. His photomicrographs showed that the slits in tracheid walls, to 
which Tiemann attributed the means of penetration, were present in only 
about 10% of a large number of seasoned wood samples examined, and where 
present they did not extend through the primary wall. He found that though 
high pressures would not force air longitudinally through long lengths of 
fresh unseasoned wood, it was possible to force air through pieces of more 
than one fibre length. He was able to force a fine suspension of carbon 
through sections of wood, so concluded there must be some actual opening. 
Refined microscopy revealed the presence of perforations in the part of the 
pit membrane surrounding the torus. Photomicrographs showed carbon 
suspension passing from one tracheid to the next through bordered pits. 
These results disproved the theory of Tiemann and Weiss. He explained the 
difficulty of forcing air through fresh unseasoned or re-soaked, seasoned 
wood as being due to the surface tension of the liquid in the tracheid and on 
the application of further pressure the closing of the pits by tori being forced 
into a lateral position against the pit walls. The relatively smaller penetra- 
tion in heartwood than in sapwood, he explains as being due to the filling of 
openings in the pit membranes with resins or tori being permanently cemented 
against the pit walls. 


The greater penetration in late summerwood of heartwood is explained as 
being due to the small pits in those thick walled tracheids not being closed 
up as are those in springwood tracheids, which are easily forced into the 
lateral position, and so act as valves to prevent flow. 


Bailey’s contribution consists in the proof of the presence of perforations 
in pit membranes, and in the theory that mass penetration of liquids into 
wood takes place chiefly by passage from tracheid to tracheid through these 
perforations. 


Observations from Research on Pulp 

The part played by penetration in the initial stages of cooking in the manu- 
facture of wood pulp is recognized by the industry. Miller (9) found that 
the production of a good sulphite pulp was dependent on complete impregna- 
tion of the wood chips by the bisulphite part of the cooking liquor, before 
the digester had reached the temperature of 110° C. He found that sul- 
phurous acid penetrated more quickly than the bisulphite, and that lignin 
was rendered insoluble by the action of sulphurous acid alone, above 110° C. 
A proper co-ordination of chip length, penetration time, concentration of acid 
and pressure is of fundamental importance in the production of pulp. 


Birchard (4, 5), noted that penetration in the longitudinal direction of the 
fibres is about nine times that in the other directions. He remarks that about 
the same relation, between penetration in different directions, is found in 
preservative impregnation of wood. These relative rates of penetration 
determine the most economical chip size. He mentions a case in a sulphite 
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mill where there were a large number of long slivers among the chips. These 
had not been completely penetrated when cooking temperature was reached, 
so were not cooked. 


Research of Johnston and Maass on Penetration 

Johnston and Maass (8) studied the time rate of entry of various liquids 
into prepared specimens of coniferous woods, and the rate of reaction between 
wood and cooking liquors, both under carefully controlled conditions. A 
suitable apparatus for this work was designed and constructed. Experiments 
were carried out on a wide range of subjects in order to test the adaptability 
of the method to the problem, and to make a general survey of the field of 
penetration of liquids into wood. In several cases inconclusive results were 
obtained. These were not sufficiently checked owing to lack of time. 

Some of the results dbtained for rate of flow of water through transverse 
sections were employed in a theoretical and quantitative consideration of 
the possible modes of flow through wood. Conclusions reached from this 
study were that all flow in heartwood did not take place through resin ducts, 
but that fibre penetration is important and is fitted to explain penetration 
as observed. 

Some general conclusions drawn from experimental results were the follow- 
ing: (i) the rate of flow is characteristic of the species of wood; (ii) the flow 
in sapwood is about 100 times faster than in the corresponding heartwood; 
(iii) in heartwood, longitudinal flow is about 100 times faster than flow in the 
radial or tangential directions; (iv) in sapwood, flow in all directions is of 
about the same order of magnitude; (v) no tangential flow was observed in 
jack pine; (vi) the rate of flow diminishes with increasing thickness of section; 
(vii) water, at temperatures up to 140° C. has little permanent effect on the 
rate of flow; (viii) hydrochloric acid decreases the rate of flow very rapidly; 
(ix) in unseasoned wood and in sapwood rate of flow tends to increase in pro- 
portion to the pressure; in seasoned wood rate‘of flow increases more rapidly 
than applied pressure; (x) with increasing temperature, rate of flow increases 
more rapidly than fluidity; (xi) the rate of flow of water tends to reach a 
constant value which is not permanently changed by time, temperature or 
pressure; (xii) there is no evidence of tori acting as valves which are closed 
by the application of pressure. 


Scarth’s Researches 

The study of wood structure in its relation to penetrability, from the 
viewpoint of the botanist, was continued by Scarth (13, 14). He prepared 
photomicrographs of sections of wood which had been treated with mercury 
under pressure. These photomicrographs showed that sapwood was com- 
pletely impregnated with mercury, which was seen to have penetrated from 
lumen to lumen through pit membranes. In the case of heartwood the 
mercury was shown to have entered only to the ends of tracheids which had 
been cut. In all cases where penetration of mercury took place, the mem- 
branes were seen to occupy the median position in the bordered pits. Where 
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no penetration occurred, the membranes were in the lateral position against 
the pit opening, thus closing the pit by means of the torus. 


Scarth and Spier (16) carried on further investigation by forcing water- 
soluble dyes into transverse sections. In spruce sapwood the tracheids in 
springwood were quickly stained, while in some cases summerwood tracheids 
were not stained in the same time. In heartwood, summerwood tracheids 
permitted penetration in a short time, but considerable time was required 
to stain springwood tracheids. 

They found that boiling in water increased the permeability of spruce 
heartwood. Extraction with resin solvents, followed by boiling in water, 
increased the permeability only to the: same extent as boiling water alone. 
From this they conclude that pit membranes have developed direct adhesion 
and fusion to the pit walls, rather than simply cementation by resins. 

Scarth advances the theory that pit membranes are pulled over to the 
lateral position owing to the presence of colloidal material in the sap. After 
this has taken place the sapwood, presumably, becomes heartwood. He 
points out, however, that non-resinous conifers, e.g., balsam, have a number 
of unclosed pit membranes in their heartwood, and so explains the greater 
permeability noted in these heartwoods. The observation is made that the 
application of pressure may close open pits by forcing the tori over against 
the pit walls, and hence, mere application of pressure may decrease per- 
meability, unless the pressure be sufficient to cause rupturing of the mem- 
branes. 

The penetration in spruce heartwood is explained as due to the pits in the 
summerwood remaining open, but having very small perforations. He 
remarks that summerwood in jack pine is almost totally devoid of effective 
pits. 


Stamm's Work on Structural Dimensions of Wood* 


Stamm (17, 18, 19, 20, 21) of the U.S. Products Laboratories, Madison, 
Wisconsin, employed dynamic physical and electrical conductivity methods 
to measure structural dimensions of the capillary openings through wood. 

He first used a method based on electro-endosmotic flow of water through 
wood sections. From data so obtained and applied in the formula for electro- 
endosmotic flow, he was able to calculate the effective capillary cross-sectional 
area of the wood as a percentage of the total cross-sectional area. This 
method also gave the fibre length of the wood, as when transverse sections 
were used, and the rate of flow was plotted against the thickness of wood, 
a sharp break occurred extending from the minimum to the maximum fibre 
length. 

Measurements of the rate of hydrostatic flow through a wood in series 
with a standard glass capillary tube afforded data, which, when applied in 

*Stamm's earliest work was published before that of Scarth or Johnston and Maass. The 


summary of Stamm's work follows the others in this introduction because reports of his work are 
still being published. 
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Poiseuille’s law in conjunction with the effective capillary cross section 
obtained from electro-endosmotic flow, permitted calculation of the average 
radius of the capillary openings. 

Data on the maximum cross-sectional area of capillaries were obtained by 
the method of applying gaseous pressure to water soaked wood sections to a 
sufficient extent to permit of a flow of gas, by just exceeding the force exerted 
by the surface tension of water in the capillaries. Jurin’s law was applied 
to the data so obtained to directly calculate the maximum radius of the pores. 

A rough check on the results obtained by these methods was afforded by 
forcing a colloidal mercury solution, with particles of known size, through 
wood. To provide more accurate results, he devised an electrical conductivity 
method in which he measured the electrical resistance encountered by current 
in flowing through sections of wood impregnated with potassium chloride 
solution. Reasonably good agreement was: noted between results by the 
electro-endosmotic flow method and those obtained from this conductivity 
method. 


Apparatus and Technique Employed in Present Investigation 


An apparatus previously used in a study of factors affecting penetration 
of liquids into wood was employed in a further study of the same subject. 
A number of changes was made in the apparatus in order to simplify pro- 
cedure and to give greater accuracy in results. The most important change 
was the introduction of a new clamp for holding wood specimens during 
experiments. The procedure however has been adequately described else- 
where (8). 

Scope of the Investigation 

The investigation to be described in this paper is a continuation of the 
research of Johnston and Maass, with particular reference to mass penetra- 
tion of liquids into and through wood specimens. The effect of time, temper- 
ature, pressure, wood structure and other factors on the rate of penetration 
of liquids into wood was studied. 

The method of study was that adopted by Johnston and Maass. Specimens 
of wood, of the desired species, structural nature and size, were subjected to 
penetration by certain liquids in an apparatus where conditions of pressure 
and temperature could be controlled. A standard method of preparation ol 
wood specimens was decided on after a few runs had been carried out, so that 
comparisons might be made between results obtained with different wooc 
specimens. The possibility of duplicating results and the effect of pre 
treatment of wood specimens were tested. During the first part of th: 
investigation experimental runs were carried out, using seasoned white spruc 
(Picea canadensis ) specimens, to study the effect on the rate of penetratio 
of the following factors: (a) pre-soaking of wood specimens for variou 
lengths of time, (b) elapsed time of penetration, (c) various pressures an 
pressure differentials, (d) thickness of chip, (e) temperature, (f) thre 
structural directions of wood, (g) sapwood and heartwood, (4) sucrose soli - 
tions, (+) hydrogen ion concentration and (j) intensive drying. 
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Following the study of penetration into seasoned white spruce, the investi- 
gation went on to unseasoned wood. Red pine (Pinus resinosa) balsam 
(Abies balsamea), cedar (Thuja occidentalis), tamarack (Larix laricina), 
hemlock (Tanga canadensis) and white spruce have been studied. Factors 
examined using some, or all, of these species of unseasoned wood were: (a) 
variation with time of rate of penetration into heartwood and sapwood, 
(b) effect of thickness on the rate of penetration, (c) effect of pressure on the 
rate of penetration and (d) rates of penetration in the three structural direc- 
tions of heartwood and sapwood. The effect of hydrogen ion concentration 
on the rate of penetration into unseasoned white spruce sapwood was also 
investigated. A number of runs was carried out to check up points relating 
to the fine structure of wood and to theories of the mechanism of penetration 
through sapwood and heartwood. 


Experimental Work and Discussion of Results 


Time-rate Curves 

The first subject investigated was the variation with elapsed time of the 
rate of penetration of water longitudinally through white spruce heartwood. 
The penetration was carried out keeping driving and back pressures, and also 
temperature, constant throughout each run. In the first runs seasoned 
chips in the air-dried condition were used. These chips swell in the clamp, 
causing distortien and, in some cases, splitting of the chip. In order to avoid 
this difficulty, soaking of chips in water in an evacuated desiccator was tried 
as a pre-treatment. It was thought that this treatment might shorten the 
time required for the attainment of a constant rate of penetration, as well as 
eliminate distortion and breakage of chips in the clamp. 


Table I shows the variation 
with time of the rate of pene- 
tration through heartwood 
chips which had not been pre- 
soaked and also through some 
that had been given this treat- 
ment. Results froma run using 
unseasoned white spruce heart- 
wood are also contained in the 
table. Fig. 1 shows graphically 
the variation with time of the 
rate of penetration for the same 
three cases. These curves are 
not to be compared with one 
another as to actual rates of 
penetration, since different pressures were used in the three cases. All three 
curves show that the rate of penetration rapidly decreases from the initial 
rate to a fairly constant rate which is attained: in from two to four hours. 
The pre-soaked and unseasoned chips required about the same time to reach 





Fic. 1. Time-rate curves for white spruce heartwood. 
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VARIATION IN RATE OF PENETRATION OF WATER LONGITUDINALLY THROUGH WHITE SPRUCE 
HEARTWOOD—PRESSURE AND TEMPERATURE CONSTANT THROUGHOUT EACH RUN 


ay 2 Seasoned te. 
Condition of chip* Air-dry Seasoned and eet mentee 
Run No 7 8 155 9 66 131 
Pressure, lb./sq. in. 
riving 5 25 40 26.5 70 60 
Back 5 5 0 6 20 0 
60 


Differential 20 20 40 20.5 50 


Elapsed time 
Rate of penetration in cc. per min. 


Hr. Min. : 
1 0.7 0.28 
2 0.5 
3 0.18 0.37 0.23 
5 0.33 0.40 0.14 
10 0.16 0.14 0.25 0.26 0.16 
20 0.12 0.12 0.20 0.24 0.09 0.09 
30 0.11 0.12 0.19 0.20 0.07 
40 0.08 0.10 0.18 0.18 
i 00 0.07 0.08 0.16 0.17 0.048 
20 0.05 0.07 0.16 
40 0.048 0.06 0.15 0.14 0.034 
2 00 0.048 0.053 0.14 0.12 0.067 0.031 
30 0.048 0.048 0.135 0.12 0.030 
3 00 0.044 0.048 0.127 0.13 0.028 
30 0.047 0.116 0.12 0.027 
+t 00 0.049 0.111 0.064 0.027 
30 0.045 0.112 0.060 0.027 
32 0.17"" 
40 0.048 0.11 
5 00 
30 0.060 
6 00 
30 0.060 
7 00 P 
30 
8 00 0.060 
30 
9 00 
30 0.059 


*All chips were } in. thick, except that used in Run 131 which was 3 in. 
**Chip removed from clamp and replaced with other side up. 


this constant rate of penetration as did the air-dried ones. The chips classed as 
unseasoned really had become partially seasoned during preparation for use. 

The rate of penetration, after a constant rate had been reached, expressed 
in cubic centimetres per minute was considered to be the equilibrium rate 
for the particular chip under the conditions employed. The equilibrium 
rate determined in this way was used in comparing the permeability of different 
chips under the same conditions or of the same chip under different conditions. 

Wood substance absorbs water when in contact with it. This causes the 
wood to swell. This swelling causes a decrease in the size of tracheid lumina 
and pit membrane pores, thereby decreasing the rate of penetration. 
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This gradual decrease in rate of penetration cannot be satisfactorily ac- 
counted for by the hypothesis of tori being forced against pit mouths, and 
thereby closing the pores. Nor can it be explained as due to colloidal material 
from the inside of tracheid lumina being carried down and deposited in the 
pits. In Run 155 (Table I), the chip was removed from the clamp after 
equilibrium had been reached, and replaced so that water entered the side 
from which it had previously been flowing. The rate of penetration after 
resumption was observed to be unchanged due to this. In Run 160 (not 
tabulated), a spruce heartwood chip was penetrated by water until an equil- 
ibrium rate was obtained. The inlet copper tubing of the clamp was then 
exchanged with the outlet tube on the other side of the chip and penetration 
continued with pressures as before. The same equilibrium rate of flow was 
observed. On again exchanging inlet and outlet tubes the same equilibrium 
rate was again observed. A short lag was noticed in reaching the equilibrium 
rate after each change in direction of flow. This would not be the action of 
a torus valve. A back pressure just sufficient to prevent any flow through 
the chip was then applied and kept on for one hour. On releasing this back 
pressure, penetration resumed at the same rate as that before back pressure 
was applied. These results show that the decrease in rate is not due to tori 
acting as valves, nor to deposition of colloidal material in pit membrane pores. 

The lumina of tracheids are tubes of capillary size. Pit membrane pores 
may also be considered as shorter capillary tubes of smaller cross section. 
Volume of flow of liquid through capillary tubes is proportional to the fourth 
power of the radius of the tube. Swelling of pit membranes and internal 
swelling of tracheid lumina with consequent reduction in size of passages 
through which water can pass is sufficient to explain satisfactorily the slowing 
down of flow during a run. The equilibrium rate is reached when a condition 
of physical equilibrium has been attained between wood substance and water. 


Possibility of Duplicating Results 

Before equilibrium rates of penetration, as obtained by the method out- 
lined, could be used to compare the permeability of different species of wood, 
or of different specimens of the same species, it was necessary to test the 
range of variation between results obtained with similar chips under the 
same treatment. Some of the first runs carried out gave an indication that 
similar chips under the same conditions gave fairly reproducible results; 
e.g., in Runs 7 and 8 (Table I) similar chips were used, and the rates of pene- 
tration observed were approximately the same. In Table II are given the 
equilibrium rates of penetration observed in a number of series of runs with 
similar chips used in each series. 

The chips used in series 4a, 4b and 4c were taken from different parts of 
the same short (6 in.) log. Chips used in series 6a, 6b, and 6c were also taken 
from the same short log. Those in 6a were from near the heart pith, 6b 
about 23 in. from the pith, and 6c, 34 in. from the centre of the log. 

The results of the various series show the degree to which observed 1.:tes 
of penetration are reproducible in similar chips. Also in all cases similar 
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TABLE II 


EQUILIBRIUM RATE OF PENETRATION OF WATER THROUGH SIMILAR HEARTWOOD CHIPS AT ROOM 
TEMPERATURE 


Thickness | Differential Rate of 





Series Run no. of chip, pressure, | penetration, Av. of 
in. Ib./sq. in. cc./min. — 
White spruce 
1 27 } 20 | 0.029 
28 0.035 0.032 
2 At 50 0.130 
45 0.129 
46 0.154 
47 0.082 0.124 
3 ~ 48 0.039 
49 50 0.040 0.040 
4a 50 50 0.070 
51 0.074 
53 0.071 
54 0 052 
56 0.045 0.062 
4b 55 50 0.065 
57 0.048 
60 0.079 
61 50 0.059 0.063 
4c 62 50 0.080 
63 0.067 
65 0.083 
66 0.060 
67 0.068 0.072 
5 128 ; 60 0.022 
130 0.023 
131 0.027 0.024 
Balsam 
6a 119 2 | 20 | 0.39 
120 0.29 
121 0.30 0.33 
6b 114 20 0.26 
115 0.40 
116 0.26 0.31 
6c 122 20 0.29 0.29 


chips show a reasonably close agreement in rate of penetration. Further 
examples of the degree of reproducibility in results are shown in Table VI. 
The series from different parts of the same log show that in heartwood the 
permeability is of the same order of magnitude regardless of the distance 
from the centre of the log. This point, however, has not been sufficiently 
investigated to warrant definite conclusions. 


The results obtained with white spruce chips show a considerable range of 
variation in penetrability among specimens from different trees. The differ- 
ence in penetrability between white spruce and balsam is much more marked. 
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Effect on Penetrability of Pre-soaking of Chips 

Though pre-soaking of seasoned chips had not materially decreased the 
time required for attainment of an equilibrium rate of penetration, yet it 
was found necessary to carry out this pre-treatment to avoid breaking and 
distortion of chins in the clamp. The effect of pre-soaking for various times, 
ranging from one to seven days was tested. Three series, of four similar 
chips each, were employed. These chips were soaked in water in a desiccator 
which was evacuated occasionally. 


TABLE III Table III gives the results obtained 
EFFECT OF PRELIMINARY SOAKING OF CHIPS for the three series of chips. The 
ON THE RATE OF PENETRATION chips used in the first two series (Runs 


11 to 18) were sawed off a cylinder of 


Phan nl iia the required size, and were not smooth 
Run no. treatment penetration in the manner already described. The 
ae eee results obtained in these two series 
show large variations compared with 
13 1 0.062 the close agreement among those 
11 3 = obtained in the third series (Runs 
= ; aus 19 to 22) and also in the different 
: nani series of runs listed in Table II. 
= : 0.030 In all these runs a constant rate was 
17 5 0.018 reached in about 3 hr., hence no time 
18 7 ted would be saved by prolonging the 
2 : oor period of soaking beyond 24 hr., as 
= ; 0.020 this period of soaking swelled the 
22 7 0.022 chips and softened them sufficiently 





; - — to prevent breaking in the clamp. 
mice ur ter ies a aa Pre-soaking for 24 hr. was therefore 
in.; differential pressure, 50 lb. per sg. in.; adopted as preliminary treatment for 
ny EF" G. seasoned chips. 

Influence of Pressure on Rate of Penetration 

The effects of pressure’ differential, and of magnitude of pressure on the 
rate of penetration were studied. Three runs were carried out using different 
driving and back pressures while maintaining a constant pressure differential. 
These runs were made at room temperature with water as the penetrating 
liquid. The results obtained are tabulated in Table IV. These runs show 
that the rate of penetration is dependent on the pressure differential and not 
on the magnitude of the pressures used. 

A series of three runs was carried out to find if the magnitude of the pressure 
affected the time required to reach a constant rate of penetration. Unseasoned 
white spruce heartwood chips ? in. thick were used. The pressure differential 
was 20 lb. per sq. in. Results obtained for rates of penetration and time to 
reach equilibrium are shown in Table V. 

These results show, as have nearly all runs carried out at room temper- 
ature, that a penetration time of from 3 to 4 hr. is required to reach a constant 
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TABLE IV 


EFFECT ON RATE OF PENETRATION OF MAGNITUDE OF PRESSURE WITH PRESSURE DIFFERENTIAL 
: CONSTANT 


Driving Back Differential Rate of 
pressure, pressure, pressure, penetration, 
Ib./sq. in. Ib./sq. in. Ib./sq. in. cc./min. 


6 20.2 0.103 
25.2 20.8 0.098 
6 20.2 0.100 
0.064 
0.064 
0.112 
0.115 
0.113 
0.107 
0.115 


TABLE V 


EFFECT OF MAGNITUDE OF PRESSURE ON TIME TO REACH AN EQUILIBRIUM RATE OF PENETRATION 


Pressure in lb./sq. in. Time to reach Rate of 
Run no. _—__————__—_—__—__—_—_—_—_—_————_| equilibrium, | penetration, 
Driving Back Differential .. cc./min. 


128 20 0 j 0.0068 
132 40 20 0.0070 
133 60 40 | 0.0065 


rate of longitudinal penetration regard- 
less of pre-treatment or pressures used. 
The close agreement in these equili- 
brium rates of penetration furnishes 
further evidence that magnitude of 
pressure does not affect the rate of 
penetration provided the differential 
pressure is maintained constant. 

The effect, on longitudinal rate of 
penetration, of varying the pressure 
differential was shown in numerous runs 
on heartwood chips of the following 
species: seasoned white spruce, unsea- 
soned white spruce, unseasoned black 
spruce, unseasoned cedar, unseasoned 
red pine, unseasoned tamarack, unsea- 
soned balsam and unseasoned white pine. 

The rate of flow longitudinally bh 
through wood would be expected to PRESSURE DWTFERENTIAL WN 1b. PER $9. in. 


bry directly with the es head Fic. 2. Variation with pressure of longi- 
applied, if the openings remained con- tudinal penetration through heartwood. 


RATE OF PENETRATICN INCCc. PER MINUTE 


oe 


° 
» 
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TABLE VI 


ESFECT OF PRESSURE DIFFERENTIAL ON RATE OF LONGITUDINAL PENETRATION OF WATER AT 
ROOM TEMPERATURE 











oo Rate of penetration in cc/min. at the following pressures 
a of chip, in lb. per sq. in. 
- Ss) 2) ee ft et ee le) 





White spruce (seasoned) 


23 i 0.013 0.026 0.035 
30 0.018 0.044 0.062 
32 2 0.009 0.026 0.070 
27 ' 0.029 0.069 0.119 
28 0.035 0.095 0.190 
31 i 0.031 0.088 0.194 





White spruce (unseasoned) 





0.015 0.023 


0.014 0.023 


128 2 0.007 
130 i 








Black spruce (unseasoned) 




















172 3 0.003 | 0.010} 0.014] 0.022] 0.025] 0.030] 0.032 
173 2 0.003 | 0.011 0.025 0.040 

Cedar (unseasoned) 
170 2 0.044] 0.116] 0.20 0.31 0.41 0.64 
171 2 0.022 | 0.06 0.11 0.17 0.24 0.42 
169 i 0.018 0.043 0.075 .12 16 0.29 





Red pine (unseasoned) 





Tamarack (unseasoned) 


| 
j 


Balsam (unseasoned) 





166 
168 























114 | i 0.05 0.26 0.58 0.79 1.00 

115 0.09 0.40 0.90 1.40 1.8 

116 3 0.05 0.26 0.56 0.75 0.95 

119 3 0.13 0.39 0.86 1.25 1.9 

121 3 0.07 0.30 0.67 4.06 1.3 

122 i 0.08 0.29 0.60 0.82 

176 13 0.028} 0.11 0.20 0.31 0.42 0.51 0.60 





White pine (unseasoned) 





174 | 3 | 0.26 | 0.98 | 2.25 | 3.80 | | | 
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stant in size. The results in Table VI and the curves in Fig. 2 show that 
with white spruce and black spruce the rate is approximately proportional to 
pressure. However, with the other species of wood the rate increases much 
more rapidly than in direct proportion to pressure head.* This must indicate 
some physical effect of pressure acting so as to change the size of the openings 
through which water is passing. This effect of pressure is explainable as due 
to the action on pit membranes through the pores of which liquid is flowing. 
These thin membranes are probably bulged out somewhat from their median 
position, thus enlarging the pores and so permitting more rapid flow. 


Another possible explanation would be that the increased pressure might 
enlarge perforations by forcing water out of the membrane. This explanation, 
however, is ruled out by the results obtained with constant pressure differ- 
ential with varied magnitude of driving and back pressures. Magnitude of 
differential pressure alone was found to effect the equilibrium rate. 


Plant anatomists point out that in balsam heartwood a relatively larger 
number of pit membranes are in the median position than is the case in the 
other species tested. They also say that in spruce heartwood, practically the 
only pit membranes remaining in the median position are those in the latest 
summerwood of the annual rings. This is also the case in the heartwood of 
most other conifers. But in balsam heartwood about 10% of all the pits 
have their membrane still in the median position. It follows from these facts 
that many of the open pits in balsam heartwood are in thin walled tracheids. 
The membranes of such pits would be stretched to a greater extent than 
would the thick membranes of the open pits in spruce, and hence perforations 
in balsam membranes would be enlarged to a greater extent by pressure. A 
similar condition probably occurs in tamarack heartwood. 


It may be that the membranes of open pits in red pine and cedar are thinner 
than those in spruce. The strength of wood is said to be largely supplied by 
the middle lamella. Pit membranes are part of the middle lamella. White 
spruce is a stronger wood than red pine, hence it may be that the middle 
lamella and pit membranes of red pine are thinner than those of white spruce 
in the corresponding part of the annual ring. 


Runs with white spruce, red pine, cedar and tamarack chips gave no 
evidence of tori acting as valves which are closed by application of pressure. 
The pressure-rate curves, Fig. 2, for balsam heartwood, show a slight break 
at a pressure of 30 or 35 Ib. per sq. in. This point requires further study. 


Some interesting observations were made in the runs to test the effect of 
pressure differential. It was noted that, after a constant rate of penetration 
had been reached (in from 3 to 4 hr.) at a certain pressure, a constant rate 
was quickly attained on increasing the pressure (except in the case of some 
runs with balsam). This observation corroborates the conclusion drawn 
earlier in this section, that magnitude of pressure does not influence the time 
required to reach an equilibrium condition between water and wood. 


* Johnston and Maass observed the same phenomenon in jack pine. 
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THICKNESS OF CHIP IN INCHES 


Fic. 3. Variation with thickness of chip of 
rate of penetration of water longitudinally 
through heartwood. 
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When a chip is returned from a 
higher pressure to a pressure at which 
a constant rate of penetration has 
already been observed, there is a slight 
lag in the return of the rate of pene- 
tration to the value previously noted. 
This lag is due to the bulged mem- 
branes requiring time to return to the 
equilibrium position for the reduced 
pressure. This eventual return to the 
same value is evidence against the idea 
of rupturing of pit membranes by 
pressure. 


Influence of Thickness of Chip on Rate 
of Penetration 
The variation in rate of penetration 
with thickness of chip was investigated 
for seasoned white spruce and unsea- 
soned red pine heartwoods. The 
results are listed in Table VII. Results 


TABLE VII 
VARIATION IN RATE OF PENETRATION WITH THICKNESS OF CHIP 


Rate of penetration 
in cc./min. with 
pressure differential 


20 Ib./sq. in. | 40 Ib./sq. in. 


Thickness 


Run no. of chip, 


White spruce heartwood 


Time in min. 
for 1 cc. 
penetration at 


20 Ib./sq. in. | 40 Ib./sq. in. 





26 % 0.088 0.211 11.4 4.7 
27 3 0.029 0.069 48.3 14.5 
28 i 0.035 0.095 28.9 10.5 
30 0.018 0.044 55.5 22.7 
34 3 0.010 0.037 100 27 
35 3 0.011 94 
36 * 0.0062 0.021 161 48 
37 4 0.0066 0.024 151 42 
38 i 0.015 0.037 66 27 
42 0.016 0.038 63 26 
39 0.010 0.029 100 34 
40 ¥ 0.008 0.022 125 45 
41 4 0.007 0.018 143 56 

Red pine heartwood 
10S ve 0.08 0.46 12.5 2.2 
107 ; 0.02 0.18 50 5.6 
108 * 0.02 0.19 50 5.3 
109 i 0.011 0.06 91 16.6 
106 it 0.03 0.15 33 6.6 
110 4 0.008 0.043 125 23 
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in the third series with white spruce (Runs 38-42) and the series with red 
pine are shown graphically in Fig. 3. The decrease in rate of flow is due to 
loss of pressure head. Resistance to flow is encountered in pit membrane 
pores and, to a lesser extent, in the lumina of tracheids. If the rate of flow 
were plotted against the probable number of pit membranes that were pene- 
trated, the curve would be flattened out somewhat. The rate of flow does 
not vary inversely as thickness of chip or as number of pit membranes to 
be traversed, but decreases more rapidly with increasing thickness. This is 
due to less bulging of pit membranes and, consequently, less increase in 
size of pores in the membranes penetrated last, due to loss of pressure head 
in the pores already penetrated. 


Several runs were also made using thin white spruce heartwood chips. 
These chips ranged in thickness from 1.5 to 4 mm. In the thinner chips 
(those less than one fibre length, about 3 mm. in thickness) there would be 
open tracheids through which water could flow without passing through pit 
membranes. There would also be closed tracheids, where water would 
have to pass through pit membranes. The data obtained in these runs are 
given in Table VIII. 


TABLE VIII 


RATE OF PENETRATION OF WATER THROUGH THIN WHITE SPRUCE HEARTWOOD CHIPS 


Equilibrium 
rate of 
penetration, 
cc./min. 


Thickness Initial rate of 
of chip, penetration, 
mm. cc./min. 


Pressure, 
Ib./sq. in. 


Ur O&WWh ne 
i) COR CUM 


The rate of penetration is plotted against thickness of chip in Fig. 4. All 
the results except that obtained in Run 148 fall on the smooth curve shown. 
The chip used in Run 148 was faulty so that its effective thickness was really 
less than that shown. The sharp increase in rate noted when chips less than 
about 3.75 mm. thick were used is due to the presence of open tracheids in 
chips of that thickness. This length of 3.75 mm. is therefore about the 
maximum fibre length of the particular wood. Below this thickness rate of 
flow would be dependent chiefly on the number of open tracheids present 
and on the length of these open tracheids. Some flow also takes place through 
tracheids which have not had both ends cut off. Not more than one pit 
membrane would have to be penetrated in chips below this length. 
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The curve in Fig. 4 resembles some of Stamm's curves by means of which 
he estimates fibre lengths. Curves of this sort would provide another method 
of estimating average fibre lengths. ' 


Effect of Temperature on Rate of Penetration of Water through Heartwood 


The variation in rate of penetration of water through a chip at different 
temperatures was investigated. In two runs (44 and 45) the temperature 
was maintained at that of the room 
until a constant rate of penetration 
was attained. The temperature 
was then raised to 75° C. and held 
there for some time and afterwards 
kept at 125° C. The clamp and 
chip were then cooled to room tem- 
perature and the constant rate of 
penetration again determined. In 
another run (46) the rates of pene- 
tration alternately at room tem- 
perature and at temperatures from 
75° to 125° C. were found. Three 
more runs were carried out first at 
room temperature, then at an 
elevated temperature, and lastly at 
room temperature again. The 
. 5 ; ; pressures were 70 lb. per sq. in. 

THICKNESS OF CHIP IN MILLIMETRES driving pressure and 20 lb. per sq. 

Fic. 4. Variation in rate of penetration of in. back pressure. The data from 

water through thin chips. . 

these six exploratory runs are con- 

tained in Table IX. These runs indicated that the chips were being per- 

manently affected in some way at the higher temperatures, so that they did 

not return to their original permeability when brought back to room tempera- 

ture. This effect appeared to depend on the temperature employed. 

Treatment at 75° C. did not alter these chips to any considerable extent, but 
higher temperatures had a marked effect. 

A series of runs, with similar chips, was carried out to study the permanent 
effect of elevated temperatures on the chip. By these experiments it was 
hoped to find at what temperature the permanent effect on the wood became 
appreciable, and at the same time to study the variation in the rate of pene- 
tration with temperature. 

The chips used in these runs were }-in. seasoned white spruce heartwood. 
They were cut from three cylinders taken from adjacent parts of a short 
block of 18 in. diameter. Before being used they were soaked in water for 
24 hr. 

The first stage in each run was penetration with water at room temper- 
ature, under the same pressures as used in the exploratory runs, until a 
constant rate was obtained. The temperature of the chip was then raised, 
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by means of the heating bath, TABLE IX 

to the higher temperature (50° VARIATION WITH TEMPERATURE OF RATE OF PENETRA- 
TION OF WATER THROUGH HEARTWOOD CHIPS 

C. to 140° C.) at which the de 


run was to be carried out. 





sano si ; Elapsed time Rate of 
This temperature was main- Run no. | Temp. at each penetration, 
tained for one hour, during ant temp., min. | cc. per min. 
which time water penetrated 44 23 320 0.13 
under the same pressures as on = | oa 07 
2 i. . « O @. 
in the preliminary penetra- 23 130 0.47 
tion. At the end of one hour, 45 23 200 0.129 
the bath was removed and 75 80 0.71 
the clamp and chip cooled to 125 25 4.4 
room temperature. Penetra- 46 23 250 0.138 
: aii - a. 75 40 0.57 
tion was continued until a 33 160 0 146 
constant rate was again 100 60 0.83 
reached. This occurred in a 7 ye 4.0 
° J . 
about 5 hr. after removal of 23 180 0.31 
h. 125 70 4.7 to 4.9 
the hot bat , 23 180 0.52 
At temperatures up to 125 
‘aS 47 23 200 0.08 
ce fairly constant rate of 100 250 Sakon oe 
penetration persisted during 23 130 0.138 
the one hour treatment. At 48 93 200 0.039 
higher temperatures the rate 100 480 0.4 
continuously increased during | 23 130 | 0.078 
the treatment. 49 | 23 130 | 0.040 
: 7 : ae 75 600 0.20 
The results are shown in 23. | 240 0.082 


Tee 6 OH a a eee 
between temperature and rate of penetration in Fig. 5. The average initial 
rate is used as the first point on the temperature-rate curve. 























TABLE X 
EFFECT OF TEMPERATURE ON RATE OF PENETRATION 
Rate at Temp. of Rate at | ‘Rate af after Increase 
Run no. | normal temp., one ig 2 cooking return to in 

cc./min. | fmm. | C cooking, | temp. normal te mp. rate 
55 0.064. 50 0.174 0.059 | —0.005 
62 0.080 60 0.246 | 0.087 0.007 
67 0.068 | 70 0.220 0064 | ~0 004 
61 0.059 71 0.307 0.084 0.025 
54 0.052 75 0.415 0.116 0.064 
57 0.048 75 0. 286 0.077 0.029 
= 0.045 80 0.357 0.081 0.036 
51 0.074 90 0.678 0 114 0.040 
53 0.071 90 | 0.710 0.094 0.017 
50 | 0.070 100 0.785 0.109 0.039 
65 0.083 100 0.660 0.102 0.019 
69 0.079 110 1.16 0.154 0.055 
G | 0.067 115 1.06 | 0. 136 0.059 
58 j 0.065 125 1.06 0.150 0 085 
*68 | 0.172 140 1.8 | 0.31 ' u 
*69 | ©. 132 140 2.6 0.49 ‘ 0 36 





*The chips used in "vns 68 and 69 were not from the same block of wood as the ‘other chi; 
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The increase in rate with increase in temperature is due to several factors. 
The viscosity of water decreases with rise in temperature, and the rate of flow, 


according to Poiseuille’s law, varies 
VRAD See ' 


inversely with the viscosity. Water, 



















BaP RAK Be Bee Ree 

absorbed at lower temperatures, 
ch PLL da pe 
taken from the wood owing to the 
rise in temperature also tends to 
|| 

ST enlarge the perforations. Also the 
{| flow of hot water through the wood 
may remove in true or colloidal 
solution some of the material de- 
posited in the pits. Softening of 
deposited resins and gums at ele- 
+t ee a ; 
> vated temperatures may permit 
bach elcobaalbintcg lg loachadaiaghed greater bulging of pit membranes 
aay. and hence greater enlargement of 

Fic. 5. Variation with temperature of rate of 


their perforations. 

Fig. 6 shows the permanent 
increase in rate of penetration due to cooking at the temperatures used. 
There seems to be little permanent effect of treatment of one hour duration 
at temperatures below 70° C. Scarth noted that permeability to water was 
increased to the same extent by boiling wood in water for 12 hr. as by 
extracting with resin solvents. The permanent effect is probably due to 
removal of part of the resins and gums encrusting pit membranes and clog- 
ging the perforations. Also some rupturing of membranes may take place at 
the higher temperatures. 


penetration. 


Penetrability of Sapwood 


Sapwood of most species of conifer has been found to be more amenable 
than heartwood to impregnation by preservatives. The penetrability of 
sapwood of five species was investigated during this research. The species 


studied were white spruce, red 
pine, balsam, hemlock and tam- eo Ht tt 
arack. These species of conifer ; SA 
were found to posse§s quite dif- sf PT TIT Tere t iit wt 
ferent degrees of permeability. Beth 
Flow of water was so much L pp path 
|| 


more rapid than through heart- 
wood that thicker chips and 
lower pressures were employed. 
The data obtained with seven 
















white spruce chips are given TEMPERATURE OF ONE HOUR COOKS. °C. 

in Table XI. Data from runs Fic. 6. Increase in rate of penetration due to cook- 
using balsam, red pine, hemlock 
and tamarack sapwood are listed in Table XII. 


ing one hour at various temperatures. 
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TABLE XI 


LONGITUDINAL PENETRATION OF WATER THROUGH WHITE SPRUCE SAPWOOD 








Moisture condition Seasoned Unseasoned 





Run no. 92 
Thickness of chip, im. 3 
Pressure, lb./sq. in. 3 


126 127 





Elapsed time 


Hr. Min. 


Rate of penetration in cc. per min 





_ 


2 
3 
4 
5 
6 
7 
8 
4 


2 


eUaAD an Ann 
Cucorfr- CO nuns 


The seasoned spruce chips behave in the same way as do heartwood chips. 
The rate of penetration decreases with time, but is much greater than with 
heartwood of the same thickness under the same pressure. Unseasoned wood, 


of the species tested, shows 
an increase in rate of pene- 
tration with time, though 
in some cases, after an 
initial decrease in rate. A 
maximum rate of penetra- 
tion followed by a decrease 
in rate was observed in the 
runs listed in Table XII 
and in the runs with unsea- 
soned chips in Table XI. 
Time-rate curves show- 
ing graphically the varia- 
tion in rate of penetration 
with time for one run with 
each species of wood used 








RATE OF PENETRATION IN CC. PER MINUTE 


Fic. 7. Time-rate curves for longitudinal penetration of 
water through sapwood. 


(Runs 92, 117, 99; 127 and 164) are plotted in Fig. 7. 
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TABLE XII 


LONGITUDINAL PENETRATION OF WATER THROUGH UNSEASONED SAPWOOD 








Balsam Red pine Hemlock | Tamarack 
Run no. 117 118 99 102 164 167 
Thickness of chip, in. 2 13 3 1} a i 
Elapsed time Rate of penetration in cc. per min. 
Hr. Min. Pressure 1 Ib. per sq. in. 
2 0.53 0.07 2.8 0.25 
7 0.015 No 
20 0.59 0.8 ° 0.30 0.048 | appreciable 
30 0.06 2.4 0.42 p netration 
1 00 0.34 0.07 2.6 0.78 0.22 
1 30 0.27 Py 0.34 
2 00 0.62 2.6 1.9 0.42 
2 30 a7 
3 00 0.80 0.11 2.7 1:5 
3 30 0.15 
+ 00 0.14 
5 00 0.50 
5 30 0.50 
6 00 0.42 
Pressure 10 Ib. per sq. in. 
2 15.8 8.0 45 
10 16.2 | | 


Table XIII summarizes a large number of data relating to runs carried out 
with heartwood and sapwood of various species of wood. Equilibrium rates 
of penetration are given for heartwood specimens. Maximum rates are given 
for sapwood specimens for which one was found. In cases where no maximum 
rate was found, a rate after running some time is given. The only runs pre- 
senting a difficulty in the choice of a rate were the runs with seasoned white 
spruce. 

From the rates given in Table XIII it is possible to compare roughly the 
penetrability of heartwood and sapwood of the difierent species. Penetra- 
tion in sapwood of seasoned white spruce is from 50 to 60 times that in the 
heartwood from the same block. With unseasoned white spruce runs were 
not carried out at the same pressures for heartwood and sapwood, but by 
comparison of rates for other species, it is easily calculated that penetration 
through the sapwood of the log used is about 10,000 times that through 
heartwood of the same log. Unseasoned balsam sapwood allows about 
230 times as much water to pass through as does the same length of heart- 
wood. Unseasoned red pine sapwood is about 600 times as permeable as its 
heartwood. These ratios are at best rough approximations. 

Sapwoods of the species tested differ widely among themselves in pene- 
trability. From these results with unseasoned wood, penetrabilities of hem- 
lock, balsam, red pine and white. spruce sapwoods are roughly in the ratios 
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TABLE XIII 
RATES OF LONGITUDINAL PENETRATION IN HEARTWOOD AND SAPWOOD OF THREE SPECIES 


Thickness | Pressure Rate of 
Species Run no. | of chip, | differential penetration, 
in. inlb./sq. in. cc./min. 
Heartwood 
White spruce seasoned 95 i 10 0.01 
20 0.027 
(several) ; 20 0.01-0.06 (Av. 0.03) 
(3 runs) 2 20 0.008-0.018 
White spruce unseasoned runs) { 20 0.006-0.009 (Av. 0.007) 
Black spruce unseasoned 2 runs) 20 0.010 
Cedar unseasoned (3 runs) 2 20 0.073 
Red pine unseasoned é 109 tH 20 0.011 
Tamarack unseasoned (2 runs) 2 20 0.091 
Balsam unseasoned 5 (6 runs) ? 10 0.26-0.40 (Av. 0.29) 
White pine unseasoned (1 run) 3 20 0.98 
Sapwood 
White spruce seasoned 98 i 10 0.024 
20 0.075 
92 3 10 0.80 
White spruce unseasoned (3 runs) 3 1 4.35-10.8 (Av. 8.4) 
(8 runs) ? 1.5 | 6.8-34.2 (Av. 15.8) 
Tamarack unseasoned 167 3 1.5 | No appreciable 
es 
Red pine unseasoned 99 i 1 2: 
102 13 10 [45.0 
Balsam unseasoned 117 2 1 0.8 
10 16.0 
118 } 1 0.15 
10 8.0 
Hemlock unseasoned 164 3 1.5 16.30 


of 1: 1.5: 5.5: 17. Heartwoods show relative penetrabilities in order of 
white spruce, black spruce, cedar, red pine, tamarack and balsam in the 
ratios of 1: 1.4: 1.5: 10:13:40. This relatively great penetrability of balsam 
bears out the contention of the botanist that in balsam heartwood a consider- 
able proportion of the pit membranes remain in the median position. 


Penetration in the Three Structural Directions of Heartwood and Sapwood 

The relation between rates of penetration in the longitudinal, radial and 
tangential directions of both heartwood and sapwood was investigated. 
Species of wood used were seasoned white spruce, unseasoned red pine and 
unseasoned white spruce. Water was the penetrating liquid used for most 
of these runs, but a normal solution of sodium hydroxide was used in some 
runs with seasoned spruce heartwood. The results obtained are tabulated 
in Tables XIV, XV and XVI. 

The results given as the observed rates of penetration in radial and tan- 
gential directions of the wood are, at least in some cases, greater than the 
actual rates of penetration taking place. The penetrating liquid after enter 
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TABLE XIV 


VARIATION IN PENETRATION WITH STRUCTURAL DIRECTION IN SEASONED WHITE SPRUCE 


Rate of penetration, 








ais aan Direction of Thickness Pressure, cc./min. 
' penetration of chip, in. | Ib./sq. in. | -——————___ 
At 230° C. At: & C. 
72 Longitudinal 3 50 0.075 0.47 
71 Tangential 3 50 0.007 
73 Tangential } 50 0.005 0.02 
74 Radial ; 50 0.006 0.018 
Sapwood 
92 Longitudinal ; 20 1.6 
93 Radial 3 20 0.012 
50 0.05 
96* Radial } 20 0.016 
50 0.052 
94 Tangential 3 20 0.04 
50 0.09 
97* Tangential 3 20 0.008 
50 0.02 


—————e 


*The chips used in these runs were coated with pitch around their peripheral surface. 


TABLE XV 


VARIATION IN PENETRATION WITH STRUCTURAL DIRECTION IN UNSEASONED SAPWOOD 





Direction Thickness Rate of 
Species Run no. of of chip, . penetration, 

penetration in. nen me cc./min. 

Red pine 102 Longitudinal 1? 10 44.0 
100 Tangential 3 i. 
40 0.40 
104 Tangential vs 20 0.35 
101 Radial ;} = a 
40 0.23 

White spruce Av. of 8 runs | Longitudinal 3 15 15.8 
153 Radial 3 40 0.02 
154 Tangential 3 40 0.04 

TABLE XVI 


PENETRATION OF NORMAL SODIUM HYDROXIDE SOLUTION IN THE THREE STRUCTURAL DIRECTIONS 
OF SEASONED WHITE SPRUCE HEARTWOOD 








Direction of | Thickness ” Pressure in Rate of 
wan ee. penetration | of chip, in. Ib./sq. in. ry 
78 Longitudinal | ; 50 0.14 
80 Longitudinal 3 50 0.25 
79 Radial ; 50 0.001 
76 Tangential i 50 0.0012 
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ing a short distance into the wood, in a direction normal to the longitudinal 
direction of the tracheids, may then follow the natural path of flow of sap 
and so come out at the edges of the chip. This liquid entering the enclosed 
space around the chip, causes a pressure to be registered on the leak gauge. 
When the pressure around the chip attains sufficient magnitude, liquid may 
be forced into tracheids near the bottom of the chip and so find its way into 
the discharge system and appear as liquid which has actually penetrated. 
In order to obviate this source of error the edges of some chips were coated with 
hot pitch. This at least caused lower apparent rates of penetration, but the 
leak gauge still showed that some of the liquid entering was not actually 
penetrating the chip. Re-entry of liquid into the bottom of chips so treated 
was probably less than with untreated ones. de Khotinsky cement was used 
to coat the edges of the chips in the last two runs (153 and 154) of this sort 
that were carried out.” This material formed a more closely adhering layer 
than did pitch, and re-entry of liquid was probably eliminated in those runs. 


Very good evidence that in sapwood, penetration other than longitudinal, 
is appreciable was afforded in the runs carried out on unseasoned white 
spruce (11 runs in Table: XIII and others in Table XX). In all these runs 
some liquid appeared in the space surrounding the chip. The pressure used 
(1.5 lb. per sq. in.) was too small to cause leakage at the contact of clamp 
and wood. In some of these runs the chips used had a layer of heartwood 
just outside of the part exposed to liquid. This layer was not ordinarily 
found to be saturated with water at the end of a run, while the remainder 
of the outer ring of the chip, being sapwood, was always saturated. This 
shows the greater resistance of heartwood to lateral penetration. In runs 
with heartwood, the chips did not show evidence of liquid spreading laterally. 


The data in Table XIV show an approximately equal apparent penetration 
tangentially and radially in white spruce sapwood at both room temperature 
and 60° C. These rates are about 8% of the rate in the longitudinal direction 
at room temperature and 4% at 60° C. It must be remembered that this 
penetration is largely apparent. Very little water actually appeared in the 
discharge system. The rates are simply for water entering the surface of the 
chips. The rates shown by sapwood are about 10 times those for heartwood, 
and considerable water appeared as having penetrated the chips. No definite 
differentiation between rates in radial and tangential direction was given by 
these runs. The rates observed in those two directions are on the average 
slightly over 1% of that in the longitudinal direction. 

In the runs listed in Table XV, red pine chips of radial and tangential 
section were coated with pitch around the edge, while spruce ones were coated 
with de Khotinsky cement. All these runs showed penetration in the tan- 
gential direction to be about double that in the radial direction. Consider- 
able discrepancies are shown in some of these runs. In Run 100, the rate of 
penetration was about the same at 40 Ib. per sq. in. pressure as at 10 Ib. per 
sq. in. The 7s-in. chip used in Run 104 showed a lower rate of penetration 
than the j-in. one used in Run 100. No longitudinal rates of penetration 
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with chips of the same thickness, and with the same pressures, are available 
for comparison with these rates. However, by comparison with the thicker 
specimens listed, the tangential and longitudinal rates are much less than 
1% of that in the longitudinal direction. The relation observed between 
flow in the three directions in heartwood agrees with the observation of 
Johnston and Maass that, in heartwood, flow in the axial direction of the 
fibres is about 100 times that in the other two directions. In the case of 
sapwood, however, there is a marked difference in the observations, since 
Johnston and Maass found rates of flow of the same order of magnitude in 
all three directions. The observation of Johnston and Maass, however, was 
based on only one determination of rate of flow in each of the lateral directions 
of the wood. 


Table XVI contains some results with white spruce heartwood using normal 
sodium hydroxide solution as the penetrating liquid. Rates of flow in the 
radial and tangential directions were found to be practically equal, and less 
than 1% of that in the longitudinal direction. 


The data for rates of flow, in other than the axial direction of the fibres, 
tabulated in Tables XIV and XVI, are unsatisfactory. The rates observed are 
probably too high in most cases. In no case would they be too low. Better 
results are looked for in future runs of this sort, since Runs 153 and 154, using 
de Khotinsky cement to prevent edge leak, were much more satisfactory 
than any previous runs. 


The theory that penetration is largely a flow from tracheid to tracheid 
through bordered pit perforations explains the large difference noted between 
flow in the longitudinal direction and flow in the other directions. The axial 
dimension of tracheids is about 100 times the other dimensions. Hence, to 
penetrate the same distance in the radial or tangential direction, water would 
have to pass through 100 times as many tracheids as in a transverse section. 
This, of course, would be on condition that communication could be estab- 
lished from tracheid to tracheid to give a continuous path in radial and 
tangential directions. The structural peculiarity that in most softwoods, 
pits occur only, or chiefly, on the radial walls of tracheids would favor tan- 
gential penetration rather than radial. Also the observation that penetration 
in heartwood takes place most easily in late summerwood, would cause one to 
expect easier tangential than radial penetration. Medullary rays probably 
assist somewhat in radial penetration. 


Effect of Intensive Drying on the Rate of Penetration 

It has been found that air-dry chips give approximately the same equi- 
librium rate of penetration as do pre-soaked ones. The suggestion was made 
that, if wood were intensively dried, it would be impossible tc force water 
through it. 

Three white spruce heartwood chips were dried over phosphorus pentoxide 
in vacuo (0.001 mm. of mercury) at 60° C. for three days. These chips were 
then penetrated at a pressure of 50 lb. per sq. in. with water. Two runs with 
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the air-dry wood were carried TABLE XVII 
out for purposes of compari- EFFECT OF INTENSIVE DRYING ON PENETRATION 
son. Results obtained are 


tabulated in Table XVII. 





Rate of penetration, 


Moisture cc./min. 


The results show no diffi- Run no. condition 
of chip 


culty in penetrating the 


Initial | Equilibrium 
intensively dried chips. On 





the contrary, penetration was = tr oF . ‘2 
initially of about the same 86 came dried 2 6* 
order of magnitude, but did 87 =| Intensely dried 1.2 





not decrease to as low an 
equilibrium rate. This is pro- 
bably due to some weakening or irreversible change of pit membranes owing 
to the loss of all their moisture. 


*This run was not prolonged to a constant rate. 


Penetration of Sucrose Solutions 


Some runs were carried out to test the effect, on the rate of penetration 
of sucrose solutions, of concentrations ranging from 1.5 to 30% by weight. 
In the first run (42) of this series, water was run through a #-in. spruce heart- 
wood chip, under a pressure of 40 Ib. per sq. in. until a constant rate of pene- 
tration was reached. This preliminary penetration was prolonged for nine 
hours of running time extended over two consecutive days, in order to ensure 
thorough saturation of the chip and hence a dependable constant rate of 
penetration. The water being used for penetration was then replaced by a 
1.5% sucrose solution, and penetration continued with the same pressure as 
before, also at room temperature. After four hours of penetration with this 
solution, one of 3.1% sucrose was substituted. In all, five different solutions, 
of which the most concentrated was 14%, were used. Water was then run 
through for nine hours to finish the run. 


The data obtained from this run, and from Run 43 with a sucrose solution 
of 22% concentration are shown in Table XVIII. Similar data from Run 59 
which made use of 30% sucrose solution at temperatures from 24° to 100° C. 
are also contained in the same table. In Run 42, with each solution, the rate 
of penetration slowly decreased to the rate shown in the table for each con- 
centration, where it remained fairly constant. When water was returned to 
the apparatus, the rate slowly increased to a value of about one-quarter of 
the initial rate with water. Run 43 was similar. The rate became constant 
in less than two hours after starting penetration. One column of Table 
XVIII shows the product of rate and viscosity of the penetrating liquid. 
If rate of flow were solely dependent on viscosity this product should be a 
constant, since rate of flow of liquid through capillary tubes is inversely 
proportional to the viscosity of the liquid. This was not found to be the case, 
the product decreasing continuously from that of water to that of the most 
concentrated solution. It was thought that possibly the effect of sucrose 
solutions would be to remove absorbed water from the tracheid walls and 
particularly from pit membranes, thus increasing the size of nnrec ‘This 
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increase in size of pores (if brought about) would permit a greater rate of 
flow (allowing for viscosity changes). This condition was not found to have 
been produced. 

TABLE XVIII 


PENETRATION OF SUCROSE SOLUTIONS INTO HEARTWOOD 


Conc. Elapsed Viscosity Product 
Run Temp., of time of of rate 
no. ot solution, | penetration, | penetration, | solution, viscosity 
% hr. cc./min. dynes/cm?. xX 104 
42 24 0 7 0,044 4.04 
1.55 + 0.020 1.90 
3.06 3 0.010 0.99 
6.11 3 0.006 0.64 
10.00 6 0.0044 0.53 
14.00 5 0.003 0.39 
0 9 0.011 1.01 
43 24 0 7 0.038 $$ 
22.00 a 0.002 0.31 
0 3. 0.010 0.92 
59 24 30 $: 0.055 
125 1 1.06 
24 6 0.150 
24 4 0.011 
52. 2 0.019 
75 1 0.034 
100 1 0.068 








NotTe.—Thickness of chips, } in.; pressure, 40 lb. per sq. in. 


Stamm, in an investigation of wood density, found that the non-electrolytes 
tested, of which one was glucose, were adsorbed to only a very small extent, 
or even negatively adsorbed by wood. 


Effect of Hydrogen Ion Concentration on Rate of Penetration 


The effect of normal solutions of sodium hydroxide and of hydrochloric 
acid on penetration in heartwood and sapwood at room temperature was 
investigated. In the case of heartwood, seasoned white spruce chips of 3-in. 
thickness were used. These were pre-soaked before being run. Similar 
chips were used in parallel runs with water, normal sodium hydroxide solution 
and normal hydrochloric acid solution as penetrating liquids. The results 
obtained in these runs are tabulated in Table XIX. 


Fig. 8 shows time-rate curves for one run using each liquid. The curve 
with water is of the ordinary type, an equilibfium rate being reached in five 
hours. The runs with normal sodium hydroxide showed a rate variation 
quite different from that found with water. The initial rate was less than 
half that observed with water. The rate of penetration increases to a max- 
imum in about 45 min., then slowly falls off to a constant value higher than 
that for water. The runs using normal hydrochloric acid show peculiarities 
of a different variety. The initial penetration in these cases was very rapid. 
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TABLE XIX 


COMPARISON OF RATES OF PENETRATION AT ROOM TEMPERATURE OF WATER, NORMAL HYDRO- 
CHLORIC ACID SOLUTION AND NORMAL SODIUM HYDROXIDE SOLUTION THROUGH HEARTWOOD 


Duration,| Rate of 


Run no. | Penetrating liquid of run, | penetration, Remarks 
hr. cc./min. 
68 Water 5 0.172 Time-rate curve in Fig. 8 
69 Water 5 0.132 
80 N sodium hydroxide 28 0.250 Time-rate curve in Fig. 8 
81 N hydrochloric acid 26 0.100 Result high due to leak 
82 N hydrochloric acid 28 0.053 Time-rate curve in Fig. 8 
72* | Water 5 0.075 
78* N sodium hydroxide 12 0.14 Time-rate curve similar to Run 80 





Ng Fauaaad used in Runs 72 and 78 were not similar to those used in the other runs listed in 
this table. 


The rapid rate of flow dropped in about five minutes to a rate which gradually 
decreased in about four hours to a constant rate lower than that with water. 

Data from runs on sap- 
wood using water, normal 
sodium hydroxide and 
normal hydrochloric acid 
solutions, and one of these 
solutions following water, 
are tabulated in Table XX. 
In all cases, where the run 
was with a single liquid 
throughout, the rate of flow 
increased to a value from 
25 to 130% higher than 
the initial rate. The maxi- 
mum rate was usually ob- 








RATE OF PENETRATION IN CC. PER MINUTE 





: Fic. 8. Time-rate curves for longitudinal penetration of 
served in from 50 min. to water, normal sodium hydroxide and normal hydrochloric 


one and one-half hours acid through heartwood. 


after the start of the run. The initial rates (where pressure 1-5 Ib. per sq. in. 
was used) for the three liquids showed in general that water flowed through 
most freely and normal sodium hydroxide most slowly. The initial rate of 
flow of normal sodium hydroxide solution was only about 20% of that with 
water. The initial rate with normal hydrochloric acid was somewhat lower 
than with water. 

The maximum rates with water and normal hydrochloric acid solution 
were about 35% greater than the initial rates with those liquids. For normal 
sodium hydroxide the maximum rate, though actually small, was about 
double the initial rate. 

In the runs where water was followed by normal sodium hydroxide solution, 
the rate of flow of caustic quickly dropped to a rate of about 15% that of 
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TABLE XX 


COMPARATIVE RATES OF PENETRATION OF WATER, NORMAL SODIUM HYDROXIDE AND NORMAL 
HYDROCHLORIC ACID SOLUTIONS THROUGH WHITE SPRUCE SAPWOOD 





Rate of penetration, 


— Penetrating cc./min. Time to reach 
liquid —_—_ ]} maximum rate 
Initial Maximum 
144 Water 8.5 16.6 1 hr. 
129 N HCl 3.6 6.5 1 hr. 30 min 
134 N HCl 1.0 1.6 3 hr. 
135 N HCl 20.8 23.2 1 hr. 
138 N HCl wae 13.8 1 hr. 
140 N NaOH 3.4 6.4 1 hr. 
141 N NaOH 1.3 Bon 2 hr. 
146 Water 4. 10.9 50 min 
N NaOH Rate decreased in 12 min. to 1.4 cc./min 
Water Rate constant at 1.3 cc./min. 
152 Water a7 | a3; | 30 min 
N NaOH Rate decreased in 1 hr. to 2.0 cc./min. 
Water Rate constant at 1.3 cc./min. 
147 Water 31.0 33.8 | 30 min. 
N HCI Rate decreased in 40 min. to 17.2 cc./min. 
Water Rate constant at 17.2 cc./min. 
149 Water 12.2 | 17.8 | 1 hr. 
N HCl Rate constant at 16.6 cc./min. 
151 Water 9.0 | i3.$ 40 min. 
N HCl Rate remained at 13.4 to 13.8 cc./min. for 2 hr. 
Water Rate constant at 13.3 cc./min. 


water. With normal hydrochloric acid solution following water, the rate of 
flow of acid in two cases was only slightly less than that of water, and in the 
other case, about 50% of the maximum rate of flow of water. The relative 
viscosity of the liquids must be taken into account. At 25° C. the viscosity 
of normal sodium hydroxide is 1.236 times that of water, that of normal 
hydrochloric acid is 1.060 times that of water. 


The results in Table XX show the following points: sodium hydroxide, of 
the concentration used, penetrates heartwood more rapidly than water; 
hydrochloric acid, after an initial spurt, drops to a rate of flow below that of 
water; sodium hydroxide shows a rate of penetration lower than that of 
water in the case of sapwood; hydrochloric acid shows a rate of penetration 
into sapwood about equal to that found with water; the behavior of caustic 
soda seems at first glance to be anomalous. 


In seeking an explanation of the action of caustic soda solution an experi- 
ment was carried out with a thin heartwood chip (1.5 mm.) from the same 
block as the sapwood used. The average fibre length of this wood is about 3.5 
mm. so that over 50% of the tracheids of this chip would be open for flow 
through them without passing through any pit membrane perforations. This 
run was carried out with a pressure of 1.5 Ib. per sq. in. Water was first 
forced through until a constant rate was reached, then normal sodium hydrox- 
ide until a constant rate for it was reached, after which water was again used 
as the penetrating liquid. Data from this run are tabulated in Table XXI. 
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It is a well known fact that sodium hydroxide causes more swelling of 
wood than does water alone. Also sodium hydroxide is a solvent for lignin. 
The first result of sodium hydroxide penetration might be some chemical 
action and solution of pit membrane material. This would have most effect 
on the thin membrane surrounding perforations. This would account for 
the initial increase in rate noted (Run 80, Fig. 8). Swelling would also be 
going on at the same time and would continue after solution had ceased. 
This swelling, chiefly in pit membranes, accounts for the gradual slowing 
down of penetration. The final rate with water higher than initially with 
water, is due to the solvent action. The difference is really higher than the 
rates indicate, since the viscosity of normal sodium hydroxide at 25° C. is 
1.236 times that of water. 

Z TABLE XXI 


RATE OF FLOW OF WATER AND NORMAL SODIUM HYDROXIDE THROUGH A THIN HEARTWOOD CHIP 
(Run 161) 


Penetrating 


Penetrating liquid-water Penetrating liquid-N NaOH liquid-water 


Elapsed time from 
start of run, min. 2| 4] 9} 15) 21) 25) 34) 40) SO) 53) 55) 57] 66) 78) 84/116)122/130)145)175/192/210/270 


Rate of penetra- 
tion, cc. per min, |9.8)8.7|7.2/6.4/6.1/6.0/6.0/6.1/6.1/5.3)4.6)4.2/3.0)2.2/2.0/1.8)1.8)1.8/3.0/4.0/4.6)5.116.9 


NotTe.—Thickness of chip, 1.5 mm.; pressure, 1} lb. per sq. in.; temp., normal. 


With sapwood, the same two actions of sodium hydroxide would take 
place. Water causes an initial increase in rate of flow through sapwood. The 
same reason would cause the rate of flow of sodium hydroxide to increase, 
since the same solvent action around pit membrane perforations would take 
place. The rate of flow through sapwood is very much greater than through 
heartwood, hence it is clear that pit membrane perforations must be much 
larger. Resin ducts must also be taken into consideration. Internal swelling 
of tracheids takes place, and probably this swelling makes their interior area 
so small that a considerable resistance to flow is encountered in the tracheids. 
The inside walls of tracheids, being very largely cellulose, would not be dis- 
solved to as great an extent by sodium hydroxide as would pit membranes. 
This internal swelling of tracheids may account for the smaller penetration 
of sodium hydroxide than was noted for water. The data in Table XXI 
show that with a heartwood chip with open tracheids the behavior of sodium 
hydroxide is the same as with sapwood. In the thin chip, sodium hydroxide 
decreased the rate after water had established an equilibrium rate. This 
could only be due to internal swelling of tracheids, since if only pit mem- 
brane perforations were concerned, sodium hydroxide would increase the 
rate of flow. No resin ducts were present in this thin chip. Viscosity differ- 
ence must again be taken into consideration. According to these results it 
would seem that most of the resistance to flow in heartwood is encountered in pit 
membranes, while in sapwood, resistance in tracheids becomes considerable. 
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Hydrochloric acid showed a lower rate of penetration through heartwood 
than did water. This is due to greater swelling, and no solvent action to 
increase the rate. The rapid initial rate of flow observed is probably due to 
the absence of absorption of hydrochloric acid, so that swelling is the only 
action causing a retarding influence, and some little time is required for it 
to take place. With sapwood, hydrochloric acid seems to have about the 
same effect as water, the slightly lower rate being due to the greater viscosity. 


Miscellaneous Experiments 

Three runs were carried out to investigate the flow of nitrogen. 

In Run 156 a 2-in. transverse section of unseasoned white spruce sapwood 
was used. The chip was quite moist at the start. Five pounds nitrogen pres- 
sure was applied to the chip and caused a slow flow of nitrogen through the 
chip. A pressure of 10 lb. caused a flow about eight times as rapid. Some 
water was then run in over the chip. The water penetrated, and nitrogen 
flow followed. This was repeated with 20 lb. pressure with the same result. 
Water was run through for two hours, after which the pressure was reduced 
to 6 Ib. and nitrogen again let in over the chip. A few bubbles of nitrogen 
appeared in the discharge, but flow of nitrogen soon ceased. At 10 lb. nitrogen 
pressures, flow started and increased three fold in 3 min. 

In Run 157 a similar chip, of thickness 1} in., was used. Nitrogen just 
penetrated at 5 lb. pressure. Pressures up to 35 lb. caused increase in rate 
of flow. 

In Run 158 a 1-in. seasoned white spruce heartwood chip was used. This 
chip was soaked overnight. Pressures of 20 and 40 Ib. caused no flow of 
nitrogen. Pressure of 60 lb. caused a slow flow for four minutes, after which 
time flow ceased entirely. After several decreases and increases of pressure 
and final sudden application of 60 Ib. pressure a very slow flow of nitrogen 
started. ‘Water was next forced through the chip for 11 hr., during which 
time the rate of flow of water decreased from 0.03 to 0.018 cc. per min. After 
this water penetration, nitrogen was again forced in over the chip. Pressures 
from 5 to 60 lb. were tried but no penetration of nitrogen could be obtained. 

The general observations from these runs are: (i) with sapwood of the 
thickness used, nitrogen flows through the green wood under a pressure of 5 
Ib. or less; (ii) after water has penetrated, slightly higher pressures are 
required to cause nitrogen penetration; (iii) with the pre-soaked heartwood 
used a pressure of over 40 Ib. was required to cause flow of nitrogen; (iv) after 
penetration with water, a pressure of 60 lb. was insufficient to cause nitrogen 
flow; (v) these runs and the observations will be considered in a discussion 
of the mechanism of flow through wood. 


Discussion and Conclusions 


Each phase of the subject under consideration has been discussed in con- 
junction with the experimental work related to it. However, some points 
require further consideration with reference to the complete results. The 
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mode of penetration of liquids through heartwood and sapwood requires 
some discussion. In connection with this, the evidence on action of tori as 
valves, which can close under pressure and so prevent or impede penetration, 
requires consideration. 

It has been generally recognized by workers on the subject that penetra- 
tion of liquids through softwoods can take place through tracheids or through 
resin ducts. However, resin ducts are not present in all woods, while pene- 
tration, to a greater or less extent, takes place in all woods. Also, where 
there are scattered resin ducts, the wood after penetration is found to be wet 
throughout. This could not take place without the help of agencies other 
than resin ducts. Water-soluble dyes have been used to follow the path of 
penetration (16). These, in heartwood, stained chiefly resin ducts and late 
summerwood tracheids while the remainder of the wood has been found to be 
wet by water. Also, preservative (22) was found to have slowly spread from 
late summerwood to the remainder of the annual ring. The wetting by 
water might take place owing to tracheid flow of water where dye could not 
penetrate, or it might be due to imbibition of water by the wood substance. 
Johnston and Maass point out that if imbibition were the means of flow, rate 
of penetration would be equal in all directions. Imbibition is a more satis- 
factory explanation of the spread of creosote uniformly. The use of dyes to 
follow the path of penetration is not entirely satisfactory, since adsorption 
and absorption of dye molecules by wood substance takes place, and thus 
interferes with penetration where this takes place to only a small extent. 
Hence dyes do not necessarily show where all the penetration has taken place. 

In sapwood, penetration takes place much too rapidly to be accounted for 
by the number of resin ducts present. 

The rate of penetration through a thin spruce heartwood chip (Run 161) 
was 6.1 cc. per min. after the chip had become soaked with water. Sapwood 
chips }-in. thick under the same pressure showed a rate of flow of from 6.8 
to 34.2 (average of 8 runs, 15.8) cc. per min. In penetrating the 3-in. chip 
several pit membranes would have to be passed through. Volume of flow in 
open tubes being proportional to length, and about 50% of the tracheids in 
the thin heartwood chip being open, indicated that little resistance to flow 
is encountered in pit membranes of sapwood, and that the tracheids them- 
selves provide the greater part of the resistance to flow. In any case, these 
results would seem to indicate that there is some centripetal thickening of 
tracheid walls in changing from sapwood to heartwood. The similar behavior 
of sodium hydroxide in penetrating spruce sapwood and thin heartwood 
chips also indicates the same thing. Further work on this point is required 
before drawing definite conclusions. 


Action of Tori as Valves 

The difficulty encountered in forcing air through unseasoned or pre-soaked 
wood was attributed by Bailey (3) to surface tension effects when the inter- 
face between advancing air and retreating water happened to be in a pit 
membrane perforation. He thought this resisting force would serve to cause 
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the torus to be bulged away from the driving force and to close the pit by 
being pressed against the opposite pit mouth. With a transverse section of 
wood which had its tracheids filled with water, this effect could be effective 
in only one pit, or rather, in one series of pits, t.e., most probably the ones 
leading into the first complete tracheids encountered. But it is quite possible 
to force gas through sections thicker than one fibre length, 1.e., where at least 
one series of pit membranes must be passed through. Other investigators 
have used the theory of valve action of tori to explain various phenomena. 
Thus the closing of pit membranes in the change from sapwood to heartwood 
has been said to be due to pit membranes being drawn into the lateral position 
owing to gases on one side and sap on the other. Also it has been said that 
excessive pressure may decrease penetration by forcing tori into lateral 
positions, thus closing thé pits. 

In the present investigation no evidence of tori acting as valves was ob- 
served either in heartwood or sapwood. On the other hand some points were 
observed which disprove the theory in cases where such action might be 
expected. 


In Runs 156, 157 and 158 nitrogen was used in testing the permeability of 
sapwood and heartwood to gas. With sapwood no great difficulty was en- 
countered, since a pressure of less than 10 lb. per sq. in. was sufficient to 
cause flow of nitrogen through a 1}-in. chip. With heartwood it was different. 
A pressure of 60 Ib. per sq. in. was sufficient to cause flow for a few minutes 
through a partly pre-soaked chip (Run 158) but flow soon stopped, but was 
resumed after several decreases and increases of pressure. This is not the 
action of a valve. Later a pressure of 60 Ib. per sq. in. was insufficient to 
cause any flow of nitrogen. Gases flow freely, longitudinally, through heart- 
wood in which there is no free water present. Water also flows through 
under reasonable pressures. Water flows easily after flow has been stopped 
by application of gas pressure to wet wood. These facts do not point to the 
presence of anything that can supply valve action. 


The surface tension action at membrane perforations does not explain the 
reason for the large increase in resistance encountered as the thickness of 
the wood section being penetrated is increased. This can be explained more 
satisfactorily in conjunction with a manifestation of the force of surface ten- 
sion in a different way. Each of the tracheids in a series forming a passage 
through the wood may act as a Jamin’s tube, or as part of one formed 
by intercommunicating tracheids. A Jamin’s tube is a capillary tube in 
which are arranged alternately drops of liquid and bubbles of gas. A pressure 
exerted at one end of the tube causes adjustment of the menisci between 
liquid and gas so that each drop of liquid transmits less pressure than it 
receives. The resistance is proportional to the length of the tube and the 
number of sequences of drop of liquid and bubble of gas. Such a series of 
detached drops would be produced on the entry of gas into water-soaked 
wood. A pressure of 60 Ib. per sq. in. was sufficient to initiate a flow of gas. 
This flow would carry down water from the soaked upper part of the chip to 
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the interior of the chip where there was no free water, thus lengthening the 
“Jamin’s tube.”’ (The chip was pre-soaked in water without the use of a 
vacuum.) This increase in resistance might be sufficient to cause cessation 
of flow, which was actually noted. The resumption of flow noted was due to 
absorption in the interior of the chip of the droplets formed there, hence 
again shortening the ‘‘Jamin’s tube.’’ This cycle could not be repeated after 
water had penetrated and swollen the chip, since absorption of water would 
not take place to shorten the Jamin’s tube. Internal swelling of tracheids 
and of pit membranes would also tend to reduce the rate of flow, since in 
smaller tubes the Jamin effect would be more marked. The low pressure 
required to force nitrogen through wet sapwood in contrast to the much 
greater resistance of wet heartwood is due to the larger tracheids in sapwood. 
This theory fits the observed facts much better than does the one which 
postulates pit closure by tori. 


The rate-pressure curves shown in Fig. 2 show a regular increase in rate 
with increase in pressure. No discontinuity which could be traced to valve 
action of tori is noted in these curves. In one run (99) with sapwood the 
pressure was suddenly increased from 1 to 40 lb. per sq. in. This increase, 
far from causing a decrease in rate of flow, increased the rate of penetration 
to 100 times its original value. In several runs, after an equilibrium rate of 
penetration had been attained, the chip was turned over, or liquid pressure 
exerted from the opposite end. This change caused no change in the rate of 


penetration. In another run, after attaining an equilibrium rate of penetra- 
tion, a back pressure sufficient to prevent any flow was applied for one hour. 
On removing the back pressure, penetration resumed at the same rate as before. 
A few chips were re-run after having been air-dried for nearly a year. Rates 
of penetration noted in two cases were similar to those when first run. Another 
showed a higher rate. 


Photomicrographs supply visual evidence that heartwood differs from 
sapwood in that most of the pit membranes are sealed in the lateral position. 
Penetration data tend to corroborate this evidence. Botanists are not 
agreed as to the cause of this pit closure in the growing tree. It has been 
shown that closed pits have their tori sealed in the lateral position by actual 
adhesion, rather than by simple cementation. During this investigation no 
evidence was obtained to show that pits could be closed by artificial means, 
in fact any evidence on the subject pointed to the absence of any such closure. 
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AN INVESTIGATION OF SEMI-MICRO KJELDAHL METHODS! 


By J. A. ScaRROW? AND C. F. H. ALLEN’? 


Abstract 


It is shown that the estimation of nitrogen by the Kjeldahl method on a 
semi-micro scale is more sensitive to variations in procedure than the corres- 
ponding macro method. 

Several methods of preliminary reduction, recommended for certain types 
of compounds, have been found difficult to adapt to semi-micro work. A method 
of reduction, involving use of hydriodic acid and phosphorus, has been developed 
for many such compounds. 


A volumetric method for estimating nitrogen in organic compounds is very 
desirable. The Kjeldahl method, which is commonly used, works satis- 
factorily for most simple amines, but is not reliable when applied directly 
to several classes of compounds (6) such as those containing N-N, N in a 
ring or polynitro compounds. 

In applying the method in this laboratory to 2,4-dinitrophenylhydrazones 
of various carbonyl compounds, it was found that low results were occasion- 
ally obtained with derivatives of known structure. Since these invariably 
gave correct results by the Dumas method, it seemed probable that the 
Kjeldahl procedure might be modified so as to adapt it for use with these 
exceptional hydrazones. A series of experiments was carried out to test the 
effects obtained from variations in the concentration of the sulphuric acid, 
potassium sulphate, and glucose. The suggested semi-micro method (1) was 
found satisfactory except that a few compounds gave better results when more 
potassium sulphate was used. Since this increased concentration of potassium 
sulphate did not appear to affect other results, it has been incorporated into 
the writers’ present procedure (Method A). Use of catalysts such as selenium, 
magnesium, and mercury was also tested with no instance of improvement 
being noted, although these have been shown to be useful in digestion of 
bulky plant materials (7), where they aid probably by getting rid of the 
large mass of organic material within a reasonable time. Since simple nitrogen 
compounds can be digested within 13-2 hr., provided sufficient potassium 
sulphate is present, no useful purpose is served by addition of catalysts of 
this type. Where the nitrogen content runs to 20% or higher, a digestion 
period of at least 14 hr. appears to be necessary. Using the concentrations 
recommended in Method A, and heating with a Bunsen burner, samples 
of animal charcoa were brought to a pale blue in 20-30 min. Such rapid 
digestion is not advisable since low results invariably follow. Prolonged 
heating, on the other hand, tends toward slow loss of nitrogen as nitrogen gas 
(2, 8, 9). This would indicate that this important variable is frequently not 
defined with sufficient accuracy. 

1 Original manuscript received October 5, 1933. 
Contribution from the Department of Chemistry, McGill University, Montreal, Canada. 


2 Graduate Student, McGill University. 
3 Assistant Professor of Chemistry, McGill University. 
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Preliminary reduction was also tested by a series of runs involving the 
use of sodium thiosulphate (5), sodium hydrosulphite (NazS.0,) (6), and zinc 
dust (3, pp. 407-433). None of these gave Satisfactory results with hydra- 
zones, and in some cases lower results were obtained than by the use of 
glucose alone. 

It is to be noted that no recent use has been made in this connection of the 
powerful reducing action of hydriodic acid and phosphorus. A trial run 
using these gave a comparatively good result; this led to further work being 
done to devise a method for their utilization. This method, in the writers’ 
opinion, is much superior to others of this type which were tried. 


Preliminary Reduction with Hydriodic Acid and Phosphorus 


Because of the many possible variations, a large number of runs was 
necessary.* Some of the results of these are not satisfactory as analyses, but 
are included as they enable comparisons to be made among different methods. 
A fairly general method was developed which was satisfactory for all 2,4- 
dinitrophenylhydrazones and guanidines available and this is given as Method 
B. In all cases investigated this method gave consistently better values 
than any other involving a preliminary reduction. The procedure in Method 
B was satisfactory for nearly all the compounds analyzed. For a few excep- 
tional compounds it is necessary to vary the period of reduction. Thus o— 
oxyquinoline sulphate was satisfactorily reduced by just bringing the hydriodic 
acid to a boil over a small shielded flame, and hexamethylenetetramine was 
best reduced by heating on a steam bath for five minutes. The method 
failed, however, with dicyanodiamide and with semicarbazide salts. Di- 
cyanodiamide (calcd., 66.6%N) gave yields of 50.0, 54.2 and 52.4% of its 
nitrogen content when analyzed by Method A. This is interesting from the 
point of view of Werner’s formula (10, p. 86), in which this substance is 
indicated as containing three amino- and three ring-nitrogen atoms. 

Method B was tested without alteration on several other compounds 
having nitrogen in a ring, such as cyclonitet which gave a low result, and on 
indole, carbazol, and mercaptobenzothiazol, all of which gave nearly their 
theoretical values. 

Simple nitrogen compounds, such as amines, amides, oximes, nitro, and 
dinitro derivatives do not require a preliminary reduction and for these cases 
Method A gives reliable results. 


Method A 
For Simple Nitrogen Compounds 


A mixture, made up of 0.02-0.03 gm. of substance, 0.1 gm. of copper 
sulphate, 7 gm. of potassium sulphate, 2 gm. of glucose, and 15 cc. of con- 
centrated sulphuric acid was digested until colorless, the heat being regulated 
from time to time when necessary so that this occupied 13-2 hr. After cooling, 


*The present paper is based on results from 150 determinations. _ 
+The above are given to indicate changes which may be necessary in order to adapt the method 
to a single difficult compound, such as occurs in control laboratory work. 





SEMI-MICRO KJELDAHL METHODS 75 


it was carefully diluted with 150 cc. of distilled water and again cooled in 
running water. A 24-gm. stick of sodium hydroxide was then added to the 
flask which was attached immediately to the stillhead, and the ammonia 
distilled over until violent bumping began. It was found most convenient 
to weigh the sample on a cigarette paper and put the whole into the flask. 
Sodium hydroxide, 0.02, and sulphuric acid of about equal strength were 
found satisfactory. Titration was carried out in presence of alizarin or of 
methyl red as individually preferred. 


Method B 
For Dinitrophenylhydrazones and Guanidines 

A mixture of approximately 0.05 gm. of red phosphorus and 2 cc. of con- 
centrated hydriodic acid (of about 45% strength and usually not iodine-free) 
was heated to fuming in a 300-cc. Kjeldahl flask held in an upright position on a 
steambath, the flask being set on a 2-3 in. opening. A 20-gm. sample, 
wrapped in a cigarette paper was then dropped into the hot liquid. As soon 
as the paper became disintegrated, a crystal of phenol (0.1-0.2 gm.) was 
added. The flask was removed from the steambath and immersed in cold 
water after the sample had been in contact with the hot hydriodic acid for 
15-20 min. 

A mixture of approximately 0.1 gm. of copper sulphate and 7 gm. of 
potassium sulphate was then added, followed by 15 cc. of concentrated sul- 
phuric acid, a few drops at a time, and with cooling and shaking. The whole 
was digested as usual, starting with a low flame for 15 min. and then in- 
creasing the heat stepwise so as to complete the digestion in 14-2 hr. The 
procedure from this stage was the same as in Method A. 


Notes 


1. The iodine which forms occasionally causes bumping during digestion; 
this may necessitate addition of a piece of porous tile. The iodine may be 
recovered as such, or allowed to escape. In any case it must be driven com- 
pletely out of the flask before the caustic is added. A second burner may be 
used to remove the iodine in the neck of the flask if necessary. 

2. A minimum of wash water should be used to ensure a sharp color change 
in titration. 


3. A result was considered satisfactory if it lay within 0.5% of the theor- 
etical. For purposes of identification, or of ascertaining the number of 
nitrogen atoms present, a greater deviation is often permissible (6). For many 
compounds the Dumas* method must be used. Here again however dinitro- 
phenylhydrazones and those compounds having nitrogen in a ring, e.g., 
antipyrin, require at least double the time necessary to completely burn a 
simple amine. 

*W. M. Lauer and C. J. Sunde (4) have devised a very successful semi-micro modification 


of the Dumas method, and have used it to analyze several compounds with a maximum deviation 
of 0.4% from theoretical values. 








76 CANADIAN JOURNAL OF RESEARCH 


TABLE I 


COMPARISON OF METHODS 








Nitrogen, % 








Compound Standard Re- Re- Standard Dumas 
duction | duction method,. 
Calcd. | method with with method caiak, 
zinc NaS.0, micro 
2, 4-Dinitrophenylhydrazine 28.3 21.8 —_— 21.0 27.6 28.2 
w-Methoxyacetophenone 
2, 4-dinitrophenylhydrazone 16.9 16.4 42.5 14.8 16.8 — 
TABLE II 


COMPARISON OF METHODS A AND B 





Nitrogen, % 
Compound 


2, 4-Dinitrophenylhydrazone of : 


Menthone 16.7 16.1 16.4 _— 
Methyl #-hexyl ketone 18.1 15.9 17.6 -- 
Cyclohexanone 20.0 17.6 20.0 — 
-Benzoylbutyrolactone 15.1 13.4 15.0 14.8 
-Chlorobutyrophenone 15.4 13.4 5.4 15.8 
n-Butyroin* irs 15.6 17.3 17.5 
Guanidine hydrochloride 44.0 41.5 43.5 _— 
Nitroguanidine 49.9 48.5 50.1 _— 
eee 20.0 18.9 20.5 — 
Carba 8.4 7.5 8.2 — 
Di-o- - hide 9.1 4.2 7. _— 
Mercaptobenzothiazole 8.4 8.1 8.6 — 
p-Aminoazobenzene 18.0 — i .o — 
p-Nitrosodimethylaniline 18.6 — 18.8 — 
o-Oxyquinoline sulphatet 5.8 1.8 6.1 _ 
Hexamethylenetetramine§ 40.0 37.0 39.2 _ 


*n-Butyroin 2, 4-dinitrophenylhydrazone gave 14.5 and 14.3% N by the Kjeldahl method (1) 
—— —_— of potassium sulphate was used, whereas method A using 7 gm. gave a somewhat 
higher 

tReduced by being brought just to boiling over a small shielded flame. 

§Reduced by heating on the steam bath for five minutes. 
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COMPETITIVE EFFICIENCY OF WEEDS AND CEREAL CROPS! 


By T. K. PAVLYCHENKO? AND J. B. HARRINGTON® 


Abstract 


The results of a study of the competing abilities of certain weeds and crop 
plants are presented. Characteristics studied as possible indicators of com- 
petitive efficiency were development of assimilation surface, stomatal number, 
readiness and uniformity of seed germination and distribution and penetration 
of root systems. 

It is shown that success in competition depends on readiness and uniformity 
of germination under adverse moisture conditions, the ability to develop a large 
assimilation surface in the early seedling stage, the possession of a large number 
of stomata and a root system with a large mass of fibre close to the surface but 
with its main roots penetrating deeply. 

Cereal crops were classified in the order of competing ability as follows:— 
barley, rye, wheat and oats, flax. Brassica arvensis and Avena fatua were the 
most vigorou: competitors among the weeds studied. 


The farmer has to dea! with crops and weeds under many soil and climatic 
conditions. Both of these groups of plants live in the same environment, 
anc their productive capacities are limitea by the moisture, light, nutrients 
and space available. Each group makes a specific claim upon the productive 
powers of the field. The competition between them is not very obvious to 
the casual observer and is therefore easily overlooked. This may explain why 
competition in cultivated fields has not received due consideration until 
recently. The struggle is frequently detrimental to crop plants and a weedy 
harvest results. On the other hand a clean crop may be due to the presence of 
relatively few weeds, or it may demonstrate the smothering ability of the 
crop. The latter point is not always appreciated. 

According to Clements, Weaver and Hanson (8) the problem of competi- 
tion in field crops ‘‘is centered upon the relative merits of species and varieties 
in terms of competitive adaptation to seasonal and annual cycles and to the 
tillage and rotation control of factors and reactions.’’ Each weed and each 
species of crop has its own merits of competitive adaptation and its own 
reactions towards its rivals. 

For practical purposes the competit ve features of both weeds and crops 
should be studied under definite soil and climatic conditions. Results ob- 
tained in investigations along these lines at the University of Saskatchewan 
from 1930 to 1932 are presented here. 


Literature Review 


Studies among plant communities and among plants in homogeneous 
populations have shown that competition is a powerful natural force tending 
toward limitation or extinction of the weaker competitors. The effects of 
competition were noted in forest communities by De Crescentiis (10), in the 


1 Original manuscripi received June 16, 1933. 
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Saskatoon, Canada, with financial assistance from the National Research Council of Canada. 
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plant kingdom generally by De Candolle (9) and in nature as a whole by 
Charles Darwin. Nageli (21), 1874, suggested that the probable number of 
individuals of a competing species in a given habitat is determined by the 
average life-period and average annual increase. 

Early concepts of competition were based on observation of natural forest 
and grassland communities. In 1903 Clements began systematic research 
under controlled conditions in an attempt to explain not only the role of 
competition but also its nature, cause and extent, as well as the parts played 
by the above and underground parts of the plants. He and his coworkers 
(4-8) show that “competition is purely a physical process’ which ‘‘arises 
from the reaction of one plant upon the physical factors about it and the 
effect of these modified factors upon its competitor’; that “not only does a 
small advantage in root, culm or leaf improve the response and hence the 
chances of the parent plant, but it also encourages the production of tillers, 
which are potential individuals and constitute what is virtually a reinforce- 
ment in the contest’; that ‘‘the most important features of the life-forms 
conditioning the success in competition are, duration or perennuation, rate 
of growth (top and roots), rate and amount of germination, vigor and hardi- 
ness,” and that “absorption, transpiration, photosynthesis, chemosynthesis 
and respiration all affect the physical factors of the habitat directly, producing 
reactions that determine the course, intensity and outcome of competition.” 
They state also that among the physical factors affecting competition, water 
is paramount, light next and nutrients third in importance. They point out 
that ‘‘with field crops the problem is centered upon the relative merits of 
species and varieties in terms of competitive adaptation to seasonal and 
annual cycles and to the tillage and rotation control of factors and reactions,” 
and that the outcome of competition is equilibrium or dominance of one 
competitor or extinction of the weaker. 

Montgomery (20) studied the competitive abilities of cereal crops. He 
found, for instance, that Turkey Red wheat is a much stronger competitor than 
Big Frame wheat. He states that a small admixture of the former in a sample 
of the latter increased rapidly and in a few years produced 90% of the total 
stand. 

Kiesselbach (19) found that the yield of plants of a given variety fluctuated 
within broad limits as a result of differences in spacing or surrounding growth. 
Aaltonen (1) emphasized the importance of the underground parts of field 
crops in competitive reactions. Sukatschew (22) showed that some biotypes 
which are vigorous competitors in open cultures do poorly in dense ones. 

Brenchley (3, pp. 159-174) in studies of the association of various weeds 
with cultivated crops found that certain weeds occurred more or less regularly 
in association with definite field crops, that some weed species were never 
found with certain crops, and that certain weeds were more or less common 
among all cultivated crops. She explained this as follows: ‘‘One of the chief 
factors in determining the abundance or scarcity of a particular weed is the 
degree of competition it is able to withstand successfully, and furthermore, 
the aboveground struggle for light is as important as the underground struggle 
for food and water.”’ 
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Hopkins (13-17) and Barnes and Hopkins (2) have shown by experiments 
carried on over a period of years at the Dominion Experiment Station, Swift 
Current, Saskatchewan, that the yield of wheat may be reduced as much as 
50% as a result of competition with weeds. 


Hanson (12) reports on observations on competition between blue grama 
and porcupine grasses, on the one hand, and mountain-sage on the other. 
In the course of several years the mountain sage gained the upper hand and 
replaced the valuable forage grasses. 


Hopper (18) directs attention to the problem of subduing weeds by includ- 
ing in rotations crops which compete vigorously with troublesome weeds. 
Hanson (11, p. 9) shows that one week’s difference in time of cutting alfalfa 
for hay has a decisive influence on the ability of the following crop to com- 
pete successfully with--weeds. 


From the foregoing review it is obvious that the general significance of the 
problem has been explained. Investigations have illustrated dominance in 
admixture, and reactions under field conditions between related plants and 
other vegetation. Competition between weeds and crop plants presents a 
useful field of research which, if carried out in great detail, should be of con- 
siderable practical significance. Results of practical value can be obtained 
only by application of a knowledge of the underlying principles coupled 
with studies of the relative competing efficiencies of weeds and crops. 


Scope of Work 


It was recognized in this work that there is no such thing as weed-free 
cultivated land. Field observations carried out for several years showed that 
every field seeded to a cereal crop supported a mass of seedlings of annual 
weeds when the crop was about 3 in. high. At harvest a number of these 
fields bore clean crops. The grain crops had smothered the weeds completely. 
Other fields of the same or different crops, or seeded at different rates and 
dates, produced a weedy and scant crop, the weeds having proved more 
efficient competitors under existing conditions. The determination of the 
degree of competitive efficiency of each weed and the reasons therefore was 
the main object of this study. 


In competition supremacy may be attained by the species or variety which 
is able, by virtue of greater physiological activity and morphological adapt- 
ability, to utilize the environment most efficiently. Rate of growth may be 
the best manifestation of such efficiency. Readiness and uniformity of 
germination, if characteristic of a species or variety, may be of considerable 
importance. Similarly, facilities for the absorption of water and nutrients 
and for the assimilation of carbon dioxide may be important factors. These 
facilities involve all of the plant, including the underground portion. With 
these points in mind, studies were made of rates of growth, readiness and 
uniformity of germination, total assimilation surfaces and root development 
of weed and crop plants. 
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In 1930 the following weed and cereal plants were studied: weeds:—wild 
oats (Avena fatua), wild mustard (Brassica arvensis), tumbling mustard 
(Sesymbrium altissimum), stinkweed (Thlaspi arvense), lamb’s-quarters 
(Chenopodium album), redroot pigweed (Amaranthus retroflexus) and wild 
peppergrass (Lepidium intermedium). Cereals:—Marquis wheat, Prolific 
spring rye, Hannchen and Sol barley, Banner oats and Crown flax. There 
were added in 1931, hare’s-ear mustard (Conringia orientalis), blue bur 
(Lappula echenata ), wild buckwheat (Polygonum convolvulus ) and cow cockle 
( Vaccaria vulgaris ); and in 1932 Reward, Reliance and Garnet wheat, Colsess, 
Regal and Trebi barley and Gopher oats.* 


I. Rate of Growth Study 


In each of three years (1930-1932) the cereals were grown in competition 
with the weeds listed for that season. As many as seven trials were used to 
allow of observation of the behavior of both crop and weed plants under 
different moisture and temperature conditions. The plots consisted of 8-ft. 
drill rows, 6 in. apart, seeded at the ordinary rates and depths. The arrange- 
ment as shown in Fig. 1 allowed for alternating check and competition plots. 
Thus there were two checks for comparison with each competition plot. 

8 feet Each competition plot con- 
sisted of two rows of the weed 
with a cereal row between 


them. 
The plants in the four 
QE cen feet of ench.check, 


competing-crop, and weed row 
were hand pulled at harvest 


FO ae eed ee > y- e time and cured. The portion 
Crop __Competing cerealrow_ sof the plant which had been 
Weed ist weed 


—-—--—--—- eee ee ee above ground was cut off 
LT el ae Lae ieee er ein 
Crop Check ~~~ determinations. Data were 
compiled on weight of seed, 
weight of straw, total air-dry 


EO ion dl i RMR =a tin matter, height and maturity. 
Crop Competing cereal row 
eG Oa ””Cé‘“‘é ee weve oepppemnented by 
Se See ee —~ —™ ~~ notes taken during the grow- 
ing season on date and per- 
Crop Check centage of emergence, dates of 
heading, blooming and matur- 
ity and heights at intervals 
™ etc. of approximately ten days 
Fic. 1. Plot layout in competitive study. throughout the season. 


*Marquis, Reward, Garnet and Reliance are hard red-seeded, spring sown varielies; Banner 
is a mid-season, while seeded, open panicle variety; Colsess and Sol are hooded, hulled and six- 
rowed; Trebi and Regal are awned, hulled and six-rowed 
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In order to provide material for comparison a single row of each crop and 
weed species was grown. These rows were planted 45 in. apart in order to 
eliminate interspecific competition. In addition single plants were grown 
each in an area of 100 sq. ft. This allowed the plants complete freedom from 
competition of any sort. Data from all uf this material provided the basis 
for an estimation Uf il. competitive ability of the different snecics. 


Results 


Since the weed and crop plants are so dissimilar in growth habits and seed 
and other characteristics a fair comparison could hardly be made on the basis 
of seed or straw yields alone. It seemed logical, however, to use the total 
dry matter from equal areas for such comparisons. Therefore although the 
amounts of seed and straw were given due consideration in the interpretation 
of results, only data on the total dry matter were used in the various com- 
parisons. 


The results from the competition plots are expressed in percentage. The 
total dry matter of each crop was taken from one four-foot row. The yield 
of the weed grown in competition with a crop is expressed as a percentage of 
the yield of the crop. This shows at once the degree of success or failure of 
each competitor (see Table I). The results from the single rows and single 
plants, on the other hand, are presented in absolute weights, which are 
reliable criteria of growth where competition was not a factor. 


TABLE I 


RELATIVE COMPETITIVE EFFICIENCY OF WEEDS AND CEREALS AS SHOWN BY DRY MATTER WEIGHTS 
OF TOP GROWTH EXPRESSED IN PERCENTAGE OF THE CEREAL YIELDS, 1930-1932 





Prolific Marquis Banner 


Hannchen Crown . 
spring wheat oats Wild 
Plants ean . rye (moderate | (moderate ( - a _| oats 
in competition — rE (cleaning com- com- 4 > (weed), 
ome crop), petitor), | petitor), "Or ’ % 
- % 0 % . 
Cereals 100 100 100 100 100 100 
Wild oats 4(2) 10(2) 77(2) 45(4) 35(2) = 
Wild mustard 4(3) 39(2) 43(3) 94(4) 443(3) | 286(2) 
Tumbling mustard 2(3) 12(3) 12(2) 11(3) 83(3) 34(2) 
Hare’s-ear mustard 1(2) 8(2) 7(1) 13(2) 386(2) 24(2) 
Stinkweed 12(3) 3(3) ~ 6(4) 37(3) 6(2) 
Peppergrass 1(3) 6(3) 3(2) 1(3) 7(3) = 
Lamb’s-quarters 3(3) 36(2) 18(3) 50(4) 374(3) 17(2) 
Redroot pigweed 3(3) 21(2) 19(2) 84(3) 442(3) 28(2) 
Russian pigweed os 13(2) 73(2) ~ 24(2) 
Russian thistle - - 17(2) 33(2) - 94(2) 
Blue bur 0(2) 1(2) 3(2) 8(2) 85(2) - 
Wild buckwheat 6(2) 4(2) 9(2) ~ 421(2) -_ 
Cow cockle 2(2) 8(2) 20(3) 40(3) 887 (2) 25(2) 


NotTEe.—All data.are averages of material from representative plots grown in one, two or three 
different years as indicated by the figures in brackets; (4) indicates that in one of the three years 
thé replicates were not uniform enough to be represented by one plot, therefore two plots were used. 
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Results on dry matter from competing and non-competing material are 
shown in Table II. Column 2 shows the dry matter obtained from 4-ft. rows 
of cereals and from weeds grown between such rows in the competition plots. 
Column 3 shows the amounts secured from 4-ft. rows of crop and weed plants 
when rows were widely spaced. In Column 4 appear the amounts from 


TABLE II 


DRY MATTER FROM TOP GROWTH OF WEED AND CEREAL PLANTS GROWN ALONE AND IN SPACED 
ROWS IN 1932 


Amount of air-dry matter (gm.) from 


Four-foot rows Single plants 

Plant Competing | 5 separate In com- Alone 

rows 6 in. | rows 45 in. || peting rows on 100 

apart apart 6 in. apart sq. ft. 

Marquis wheat 166 427 4.1 28 
Reward wheat 185 431 4.3 26 
Reliance wheat 216 508 en 19 
Garnet wheat 150 403 3.2 27 
Prolific spring rye 177 389 4.2 18 
Hannchen barley 186 631 4.7 43 
Colsess barley 176 365 4.3 14 
Regal barley 145 - 594 3.7 39 
Trebi barley 146 649 3.8 42 
Banner oats 133 502 3.4 33 
Gopher oats 158 $22 3.9 35 
Wild oats (as crop) 76 738 2.0 47 

Wild oats (as weed) 44 

Crown flax 41 273 1.0 12 
Common wild mustard 34 1223 14 228 
Tumbling mustard 2 391 0.3 137 
Hare's-ear mustard 10 732 0.25 195 
Stinkweed 2 411 0.03 21 
Peppergrass 1 202 0.01 17 
Lamb's-quarters 17 1819 0.5 393 
Redroot pigweed 25 1192 0.7 112 
Russian pigweed 24 1406 0.6 215 
Russian thistle 19 2027 0.5 1662 
Blue bur _ 172 — 9 
Wild buckwheat — 378 oo 39 
Cow cockle 21 1214 0.5 79 


Notse.— Figures for cereals are averages of ten, and for weeds of four, replicates. 


representative single plants from the competition plots and in Column 5 the 
amounts from single plants each grown on an area of 100 sq. ft. The data 
in Column 5 indicate the limits of the natural power of the plant to utilize 
the environment. This, taken in conjunction with the data in the other 
columns, gives an idea of the extent of the clainis which each species makes 
upon the environment in competing association. A single striking example 
of the effects of competition thus illustrated might be quoted here. One plant 
of Russian thistle growing free from competition produced 1662 gm. of dry 
matter and hundreds of thousands of seeds, while another, which emerged 
on the same day but grew in competition with Hannchen barley, produced 
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Fic. 2. Amount of top growth from 4-foot row of hare’s- 
ear mustard grown in competition (from left to right) with 
(1) Marquis wheat, (2) Prolific spring rye, (3) Banner oats, 
(4) Hannchen barley, and (5) Crown flax. 





Fic. 3. Amount of top growth from 4-foot row of redroot 
pigweed grown in competition (from left to right) with (1) 
Marquis wheat, (2) Prolific spring rye, (3) Banner oats, 
(4) Sol barley, (5) Hannchen barley, and (6) Crown flax. 





Fic. 4. Amount of top growth from 4-foot rows of cow 
cockle grown in competition (from left to right) with (1) 
Marquis wheat, (2) Prolific spring rye, (3) Banner oats, 
(4) Sol barley (early), (5) Hannchen barley, and (6) Crown 
flax. 


only 0.5 gm. of dry matter 
and no seeds. The data 
in Column 4 indicate the 
extent of the reduction in 
vigor of the plants due to 
competition from the sur- 
rounding growth. Similar 
information may be obtain- 
ed by comparing Columns 
2 and 3 which show the 
yields from competing 
rows and from widely 
spaced rows free from 
interspecific competition. 


Discussion of Results 


Throughout the tests 
differences in the ability of 
crops to suppress various 
weeds have been very con- 
sistent. This is illustrated 
in Figs. 2,3 and 4, which 
show the reductions in top 
growth of weeds as affected 
by six crop varieties. 


It was evident from plot 
observations that the bar- 
leys were the most success- 
ful competitors and that 
Prolific spring rye was 
next in effectiveness. Mar- 
quis wheat and Banner 
oats followed, neither be- 
ing consistently superior to 
the other. Crown flax was 
always the poorest com- 
petitor of the crops used, 
the weeds in competition 
with it growing profusely 
and seriously reducing its 
yield. On the basis of the 
top growth only, the crops 
were classified according to 
their competitive power 
as follows: 
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Smother crops:—-Hannchen and Sol bariey. 

Cleaning crop:---Prolific spring rye. 

Moderate competitors:—Banner oats and Marquis wheat. 

Very poor competitor :—Crown flax. 

The weeds studied were also classified according to their competing ability. 
Where a sufficient number of data were not available classification was based 
on general observation. Names of weeds classified on this basis appear in 
brackets. The classification follows. 


Serious weeds:—Common wild mustard (Brassica arvensis ), wild oats (Avena 
fatua ), stinkweed (Thlaspi arvense ). 

Serious under certain conditions or in certain crops:—Redroot pigweed 
(Amaranthus retroflexus), \amb’s-quarters (Chenopodium album), cow 
cockle (Vaccaria vulgaris), tumbling mustard (Sisymbrium altissimum ), 
hare’s-ear mustard (Conringia orientalis), wild buckwheat (Polygonum 
convolvulus), Russian thistle (Salsola kali), Russian pigweed (Axyris 
amarantoides ). 

Rarely serious:—blue bur (Lappula echinaia ). 

Not serious:—wild peppergrass (Lepidium intermedium ). 

The data in Table I largely substantiate the above classification. 

The results presented in Table I prove that crop varieties and weed species 
differ greatly in competitive ability and also that practically all of the weeds 
suffered greatly from competition with the crop plants. Information of this 
type should afford a sound basis for the improvement of cropping practices 
for weed control. 

II. Study of the Assimilation Surface 


The rate of growth results showed in an empirical way the differences in 
competing ability among the plants, but did not explain them. It was thought 
that an explanation might be found in a study of the assimilation facilities of 
the leaf surface. To this end representative specimens from the widely 
spaced rows described above were selected at five days after emergence and 
at the blooming stage, and the total leaf area and numbers of stomata per 
unit area and per plant were determined. 


Methods 


The total leaf area was obtained as follows. Specimens were hand pulled 
and immediately submerged in water to prevent wilting. In the laboratory 
the leaves of each plant were detached without removing the stem from the 
water. The entire foliage of each specimen was then withdrawn from the 
water, hastily mounted over the glass of a blueprint flame, and dried with 
blotting paper. Blue prints were made immediately. These were cut out 
and each set of clippings representing the foliage of one plant was weighed. 
The weights thus obtained were compared with the weight of 100 sq. cm. of 
blueprint paper. The total leaf area of each specimen was estimated from 
the formula 


Tw X 100 
cw 


= Total leaf area 
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where Tw is the weight of a set of clippings and cw is the weight of 100 sq. cm. 
of blueprint paper. 

The figure thus obtained indicated the total assimilation surface for plants 
with stomata on only one surface of the leaf. In cases where stomata occurred 
on both sides of the leaves the figure was doubled. 

In determining nuinbers of stomata per unit of leaf area and per plant, 
camera lucida drawings were made. Ten equal microscopical fields were 
examined from upper and from lower leaf surfaces in each case. The average 
numbers of stomata thereon were used as a basis for further estimates. To 
obtain the average number of stomata the total number was divided by 
20 where sto1:.ata were present on both leaf surfaces and by 10 where they 
occurred on only one surface. The numbers of stomata per unit of area vary 
greatly with the age af the leaf and its position on the plant. Average well- 
developed leaves were used in all cases in this work. 


Discussion of Assimilation Surface Resulis 

Table III includes the data on total assimilation surfaces and on number 
of stomata of several weeds and grain plants. The data in Column 2 show 
that wheat with 8.6 sq. cm. at five days after emergence has the least assimila- 
tion surface of the four cereal crops studied. Nevertheless this is greater 
by 5.8 sq. cm. than the greatest assimilation surface among the dicotyledonous 
weeds studied, that of cow cockle. This would appear to indicate that the 


TABLE III 


TOTAL ASSIMILATION SURFACE OF WEED AND CEREAL CROP PLANTS FIVE DAYS AFTER EMERGENCE 
AND AT BLOOMING, 1930 


Five days 


At blooming 
after emergence 





Plants Total No. of stomata Total No. of stomata 
assimila- |---| asssimila- . 
tion tion er 
surface, Per ° al surface, Per * plant 
aca oO —_— -_ millions 
! 
Common wild mustard 2.5 | 31800} 79800 7300 | 66500 490 
Tumbling mustard _ _— — 2700 | 19300 52 
Hare’s-ear mustard 4.1 20900 | 23000 650 | 18700 8 
Lamb’s-quarters —_ —_ — 5700 12200 69 
Redroot pigweed 7 13600 9600 1400 | 29900 42 
Russian pigweed a 4500 2300 3600 | 20900 74 
Wild sunflower -—— — “= 7600 74300 560 
Cow cockle 2.8 13600 | 39200 2400 oo — 
Wild buckwheat _— — — 2800 a= _— 
Marquis wheat 8.6 4700 | 40300 14 4900 at 
Hannchen barley 18.6 3500 | 64300 300 4100 1.2 
Banner oats 10.2 4200 | 43200 140 4400 .6 
Prolific spring rye 13.1 4900 | 63700 150 4700 aa 
Wild oats 6.4 4700 | 30300 260 4800 12 


*The assimilation surface of weeds at this stage is mostly the surface of cotyledons which 
generally possess less stomata per unit area than normal leaves. This is why in a few cases there 
are large differences between these data and those given in column 6. 
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cereals at this stage are more favorably equipped for assimilation activity 
than the weeds. But assimilation surface is not the sole indicator of the 
assimilating ability of a plant. The number of stomata per unit of area is 
also important. Common wild mustard, which has only 2.5 sq. cm. of 
assimilation surface as compared with the 8.6 of Marquis wheat, has an 
average of 31,850 stomata per sq. cm., while Marquis wheat has 4,686. 


Since the primary purpose of stomata is to facilitate such physiological 
activities as transpiration and photosynthesis, it is obvious that these func- 
tions are more intense in wild mustard than in Marquis wheat despite the 
larger assimilation surface of the latter. Undoubtedly the extreme trouble- 
someness of wild mustard in wheat fields is attributable, at least in part, to 
this factor. It should be emphasized that any advantage one plant may have 
over another at this early stage of growth is of extreme importance in the 
final outcome of competition between them. Fortunately all our cereals, in 
spite of low stomatal numbers per unit of area, have such large assimilation 
surfaces at early growth stages that they possess greater numbers of stomata 
per plant at five days after emergence than any of the dicotyledonous weeds 
studied, except wild mustard. Thus they are able to develop rapidly their 
tops and roots and to take more or less complete possession of an area before 
the weeds attain sufficient development to compete seriously with them. 
This would account to a large extent for the results presented in Tables I 
and II. 


The data given in Columns 5, 6 and 7 of Table III, on the other hand, show 
clearly that at the blooming stage all of the weeds possess much larger assim- 
ilation surfaces and many more stomata than do the cereals. Therefore a 
crop which fails to smother the weeds at the early stage cannot do it later. 
It appears that the noxious characteristics of weeds and the competitive 
efficiency of cereals are dependent to a large extent on the local assimilation 
surface and the number of stomata per plant and that, because of the quanti- 
tative expression of these characters, the cereals are best fitted to compete 
with the weeds when both are in the early stages of growth. 


III. Readiness and Uniformity of Germination of Weed and Cereal 
Crop Seeds in Relation to Their Competitive Efficiency 


During the years 1930, 1931 and 1932 from 29 to 34 annual weeds and five 
cereals have been grown side by side in rows. Plantings were made in early 
spring and approximately every 15 days throughout the growing season in 
order that the readiness and uniformity of germination of different seeds 
under different climatic conditions might be observed. In addition, tests 
were conducted in greenhouse soil boxes, with soil moisture at the optimum 
for germination and temperature close to 65° F. Readiness of germination is 
indicated by the number of days from seeding to first emergence, and uni- 
formity by the number of days required by a sample to reach its total germin- 
ation. Results are shown in Tables IV and V. 
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TABLE IV 


READINESS AND UNIFORMITY OF GERMINATION OF WEED AND CEREAL CROP SEEDS 


Plant 


Wild oats 


Common wild mustard 


Stinkweed 
Tumbling mustard 
Common false flax 
Lamb’s-quarters 
Russian thistle 
Cow cockle 

Wild buckwheat 
Blue bur 
Hannchen barley 
Prolific spring rye 
Marquis wheat 
Banner oats 
Crown flax 





Moisture abundant Moisture scarce 
= of = of _ of No. of 
ays ays ays days 
f —_ f — ame f oo f — aa 
seed. rst : seed. rst . 
to first | germin- — to first | germin- — 
emer- | ation to 49 emer- | ation to 40 
gence total gence total 
8 14 80 19 22 10 
4 14 21 11 18 20 
8 17 80 15 20 25 
e 5 14 50 12 19 63 
+ 10 28 10 15 25 
5 14 80 il 21 24 
+ 9 90 10 9 29 
7 13 85 7 14 28 
8 17 30 17 23 39 
6 14 50 11 18 4 
5 2 95 6 4 86 
5 3 95 7 3 76 
5 4 90 7 4 69 
5 2 95 7 3 58 
6 4 43 6 5 32 


Each number is the average of 1930, 1931 and 1932 results. In each year there were from four 


to seven replicates. 


TABLE V 


READINESS AND UNIFORMITY OF GERMINATION OF WEED AND CEREAL CROP SEEDS UNDER GREEN- 


Plant 


Wild oats 
Common wild mustard 
Stinkweed 

Tumbling mustard 
Coinmon false flax 
Lamb’s-quarters 
Russian thistle 

Cow cockle 


HOUSE CONDITIONS IN 1932 


No. of No. of 
days days 


Total 
from from ‘ 
seeding | first | ®™™ Plant 
P ation, 
to germin- %, 
emer- ation to ' 
gence total 
4 7 74 Wild buckwheat 
3 8 33 Blue bur 
5.5 6 10 Hannchen barley 
3 8 69 Prolific spring rye 
3 8 1 Marquis wheat 
4 8 32 Banner oats 
2 9 2 Crown flax 
5 6 61 





NotE.—Duplicate 100-seed tests under optimum moisture conditions were made in each case. 


Discussion 


This study showed that the plants concerned could be grouped into two 
more or less distinct classes on the basis of readiness and uniformity of 
germination. Seeds of the first class, which included roughly all of the weed 
species, showed a low capacity to germinate when soil moisture was scarce. 
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The cereals however exhibited marked ability to use even very small amounts 
of soil moisture for germination. This fact is of much importance for it 
indicates that the small grains have a distinct advantage in competition 
with weeds when the soil is low in moisture content at seeding time. 

When soil moisture was more plentiful nearly all of the weeds of the mustard 
family and most of the pigweeds and cockles germinated as readily as the 
cereals but never so uniformly. It was only under conditions of extreme 
drought, or after seeding poorly done, that good seed of the grain crops 
germinated unevenly. Otherwise, as shown in Tables IV and V a good stand 
was established within two or three days after the first plants had emerged. 
Weed seeds, as the same tables show, usually germinated very unevenly. 


IV. Root Study of Weed and Cereal Crops in Relation to Their Com- 
petitive Efficiency 


The greater ability of cereal crop seeds to germinate in the presence of but 
slight amounts of soil moisture, and the rapid growth of the plants with the 
production of large assimilation surfaces in the early stages, are important 
factors in the competition of cereals with weeds. The root system is the 
third and perhaps the most important factor. Growth appears above the 
surface only after the plant has established itself in the soil. It would, there- 
fore, appear that the future well-being of the plant might depend largely on 
the early development of its root system. The importance of detailed 
knowledge of the root systems of plants in relation to their competitive re- 
actions can hardly be overemphasized, consequently much emphasis has 
been placed on root investigation in this study. 


The work of three years has shown that the root systems of the weeds and 
crops differ markedly in growth habit, extent, distribution and penetration. 
These differences help to explain why some crops grown in weedy districts 
are relatively clean while others, in areas otherwise relatively weed-free, are 
badly infested. They also explain why some weeds, although prevalent, 
never do much harm to crops while others become a menace soon after they 
invade a district. The results are presented in Tables VI to IX. 

The primary purpose of the work was to obtain basic information for an 
attack on practical weed problems but details cf only theoretical interest 
were not overlooked. The major objective was the determination of the 
quantitative distribution of the roots in the working areas. For this purpose 
diagrams indicating the tendency of distribution of roots are not enough; 
the quantity actually present must be determined. No attempt was made to 
obtain material by excavation. Blocks of soil large enough to include the 
root system or at least its complete working sphere were removed and the 
root material was extricated by washing from the bottom upwards with a 
fine spray of water from the nozzle of a garden hose. The soil was removed 
in such fine particles that usually not even the smallest rootlets were appreci- 
ably damaged. As the work proceeded the position of primary and secondary 
roots, and the depth and lateral spread of the main mass of fine rootlets were 
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recorded on graph paper. The root systems were finally submerged in water 
and measured. They were then spread, in accordance with the graphical 
records, dried and photographed. Data presented respecting plants 5 and 
21 days old are averages obtained from 5 to 10 individual plants but data on 
mature plants represent only one or two specimens. 

A study was made of the correlation between the mass, length, spread and 
position of the roots and the rates of growth of the plants. On this basis the 
weeds and crops were classified as noted in the rate of growth study and in 
Table VI. 

TABLE VI 


COMPARATIVE STUDY OF THE ROOT SYSTEMS OF ANNUAL WEEDS AND CEREAL CROPS 5 AND 21 
DAYS AFTER EMERGENCE 


Length in inches Length in inches 
Weeds 5 days 21 days Crops 5 days 21 days 
after after after after 
emergence | emergence emergence | emergence 
Wild oats 34.7 952.9 Hannchen barley 174.5 2286f 
(serious weed) (smother crop) 
Common wild mustard 34.7 4747 Trebi barley 67.5 3974 
(serious weed) (smother crop) 
Stinkweed 17.5 3935 Regal barley 110.1 == 
(serious weed) (smother crop) 
Lamb's-quarters 5.8 3251 Prolific spring rye 115.2 2127t 
(serious weed in certain crops (cleaning crop) 
and under certain condi- 
tions) 
Cow cockle 27.8 1626¢ | Colsess barley 95.5 _ 
(sometimes serious weed) (cleaning crop) 
Hare’s-ear mustard 12.8 1491 Marquis wheat 118.5 3047 
(occasionally serious weed) (moderate competitor) 
Redroot pigweed 9.0 390.6¢t | Reward wheat 82.6 2550 
(serious weed in certain crops) (moderate competitor) 
Russian pigweed 5.1 348 .6t | Garnet wheat 100.8 2773 
(serious weed under certain (more than moderate com- 
conditions) petitor) 
Tumbling mustard 7.8 339.8 Reliance wheat 98.8 1953 
(serious weed in thin stands of (moderate competitor) 
grain crops) 
. Gopher oats 38.1 1367 
(more than moderate com- 
petitor) 
Banner oats 95.2 875 


| (moderate competitor) 


{Great care was exercised to procure the complete root system of each plant, if possible. Cases 
where some minor loss occurred are marked ¢. 


Note.—All data are averages from five replicates. 


An illustration of the type of material studied is shown in Fig. 11. This 
single secondary root of Trebi barley with its side branches was separated 
from the root system at maturity. The branches of this specimen were 
measured and counted. There were 7,870 branches with a total length of 
6,778 in. The accuracy and efficiency of the technique used is demon- 
strated by the fact that many branches of the first order measuring up to 28 
in. still bore their root caps. 
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Resulis and Discussion 


Table VI includes comparative data for nine annual weeds and eleven 
standard varieties of cereals. It will be noted that at five days after emergence 
the root systems of the two most serious weeds, wild oats and common wild 
mustard, measured only 34.5 linear in. The smallest root system among 
the cereal crops at this stage measured 38.1 in. Reference to Table III will 
show that these weeds also had a smaller assimilation surface at the same stage. 
These facts indicate that there is a high correlation between underground 
developments and top growth and that the cereals excel the weeds in both 
these characters at the five-day stage. 

A second notable point in Table VI is that at 21 days after emergence 
common wild mustard produced the greatest root system of any plant studied. 
It was closely followed by stinkweed, another noxious species. The rest of 
the weeds fall in approximately the same positions as they were found to 
occupy in the rate of growth study. 

It is apparent that most noxious weeds at 21 days after emergence have 
greater root systems and greater assimilation surfaces than any of the cereals 
studied and that consequently no cereal crop can compete successfully with 
them after this stage of development. It also appears to be true that the noxious 
characters of weeds are more closely correlated with root development than are 
the competitive faculties of the cereals. This point will be discussed later. 

The relative development of the root systems of weed and crop plants is 
illustrated in Figs. 5, 6, 7 and 8. 

In Table VII root systems of 10 representative plants are analyzed with 
respect to their numbers of primary and secondary roots and their penetra- 
tion and distribution in 1931. Hannchen barley had the largest number of 


TABLE VII 


ANALYSIS OF THE ROOT SYSTEMS OF WILD OATS AND CEREAL CROPS WITH RESPECT TO AVERAGE 
NUMBER OF PRIMARY AND SECONDARY ROOTS AND THEIR PENETRATION AND 
DISTRIBUTION IN 1931 
























Averages from ten replicates 


Per cent of roots pene- Length 
Number of roots trating deeper than of 


Plants per plant greatest 
18 | 24] 27 | feeders 
in. | in. | in. | of the 

|__| Ist order, 
Seco in. 





Hannchen barley 
(smother crop) 
Prolific spring rye 


20} 15} 10} 13+ 
20; 10) 5 11.5+ 


a 
(moderate competitor) 


Banner oats 3 8to15 | 80] 70 | 60} 50] 30} 10 16+ 
(moderate competitor) (rarely 4) 
Wild oats 3 7 to 25 96 | 80 | 75 | 60 | 40 | 25 22+ 


(weed) 





PLATE I 


Fic. 5. A complete root system of common wild mustard at 5 days after emergence, pen- 
etrating to a depth of 5 in. and measuring 34.7 in. FiG. 6. A complete root system of 
Garnet wheat at 5 days after emergence, penetrating to a depth of 12 in. and measuring 
100.8 in. Fic. 7. A complete root system of common wild mustard at 21 days after emer- 
gence, penetrating to a depth of 13.4 in. and measuring 4,747 in. Fic. 8. A complete 
root system of Garnet wheat at 21 days after emergence, penetrating to a depth of 24 in. 
and measuring 2,773 in. 
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primary roots per plant. Prolific spring rye, Marquis wheat, Banner oats 
and wild oats followed in order. Prolific spring rye had the greatest con- 
centration of primary and secondary roots comparatively close to the surface. 
Hannchen barley resembled Prolific spring rye most closely in this respect 
and was followed by Banner oats, Marquis wheat and wild oats. Most of 
the primary and many of the secondary roots of Banner oats, Marquis wheat 
and, in particular, wild oats attained much greater depths than did those of 
Hannchen barley and Prolific spring rye. 

The differences just described are important since it seems that the com- 
petitive efficiency of each plant, and especially of the cereals, is defined not 
only by the extent of the root system but by the natural distribution of the 
roots. For example, under favorable circumstances wheat varieties may 
develop root systems as great or greater than those,of barley (see Table VI). 
But as these roots are more or less evenly and thinly distributed to a con- 
siderable depth (Table VII), wheats are not so successful as competitors with 
weeds as are rye and barley, the root systems of which are concentrated 
close to the surface. 

Table VIII provides further evidence of close correlation between com- 
peting efficiency and development of root systems. Hannchen barley, a 
smother crop, possessed the greatest root system of the four cereals at all 
three stages but was excelled at maturity by wild oats. The other cereals 
followed in the order of their competitive efficiency in the first two stages, but 
at maturity Prolific spring rye showed divergence from expectation. This 
may be explained by the fact that the exceedingly fine rootlets of this crop 


TABLE VIII 


COMPARATIVE LENGTHS OF THE ROOT SYSTEMS OF WILD OATS AND CEREAL CROPS AT THREE 
DIFFERENT STAGES,* 1931 





Total 
Age, Number | average Ratio 
days of roots length between* 
Plant (ten replicates) from per per 5, 22 and 
emerg- plant, plant, 80 day 
ence primary in. developments 
Hannchen barley 5 6.5 45.7 
(smother crop) 22 7.6 1245.3 3.2 : 89 : 612 
80 8.5 8565.0 
Prolific spring rye 5 4.5 19.1 
(cleaning crop) 22 5.3 682.7 | 1.3: 49: 196 
80 §.3 2748.0 
Marquis wheat 5 3.6 47.7 
(moderate competitor) 22 4.2 649.1 1.3 : 46 : 440 
80 4.0 6160.0 
Banner oats 5 $.1 17.8 
(moderate competitor) 22 3.6 646.6 1.3 : 46 : 468 
80 3.5 6552.0 
Wild oats 5 3.0 13.93 
(weed) 22 3.0 2m3.0 1 1.0:20:: 721 
80 3.0 10100.4 





*The root system of wild oats five days after emergence is used as a unit for these values. 
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break off easily and many may have been lost in washing out the material. 
Having only three primary roots wild oats started with a smaller root system 
than any of the cereals and this system increased very slowly at first. Later 
it developed many more secondary roots than the cereals and at maturity the 
root system of wild oats excelled that of Hannchen barley. 
A good picture of the relative development of the root systems of some 
crop plants and wild oats is presented in Table IX and Figs. 12, 13, 14, 15 
and 16. Table IX shows the 
TABLE 1X lengths and weights and the 


RELATIVE WEIGHTS AND LENGTHS OF ROOT MATERIAL figures illustrate the distri- 
OF MATURE PLANTS WITHIN BLOCKS OF SOIL 12 By 12 . 
BY 27 IN. (ORDINARY DRILL ROW PLOTS), IN 1931. bution of the root systems. 


Fig. 12 shows the concen- 


Air dry material tration of the great mass of 
— from one-foot row root fibre of Hannchen barley 
Weights, ) Lengths, in the upper 10 in. of soil. 
sta ft. This thorough occupation of 
the upper stratum leaves 
Hannchen barley 17.837 | 20,202 — jittle available moisture for 
(smother crop) 
Prolific spring rye 7.123 7,783* weed plants. Some of the 
(cleaning crop) ‘ y 
Marquis wheat 7.181 | 10,733 Primary roots penetrated 
(moderate competitor) more deeply in search of 
Banner oats 6.017 5,460 moisture but these never 
(moderate competitor) 
Wild oats 15.189 | 20,203 went as deep as the roots 
(weed) of rye, oats, or wheat, a 


*Rye suffered a heavy loss of fine fibre at the time of fact which ae explain the 
washing. comparative sensitiveness of 


barley to drought. 


Prolific spring rye (Fig. 13) developed less root material per unit volume 
of soil than did barley, but a proportionately greater amount of it was located 
immediately below the surface. Very few of its primary, and still fewer of 
its secondary, roots penetrated to great depths to supply moisture in periods 
of low precipitation. It is obvious that its competing efficiency is due more 
to the distribution than tu the size of the root system. 


In the case of Marquis wheat (Fig. 14) the major part of the root mass 
is found at a considerzble distance from the surface. In the first seven inches 
there was a fair amount of fine fibre but in the next layer of nine inches there 
was only a thin network of sparsely branched primary and secondary roots. 
At still greater depths there was profuse branching of primary and particu- 
larly of secondary roots resulting in a denser mass of feeders than was found 
in the upper strata. Many of the secondary, and even more of the primary 
roots reached depths of several feet. This type of root system is better 
adapted for drought resistance than foi: competition with weeds. While 
it may account for the suitability of Marquis wheat to the drier zones, it also 
allows weeds a favorable opportunity to become established because of the 
scarcity of wheat roots in the upper levels. 








PLate II 





Fic. 9. Root system of Trebi barley single plant at maturity washed oul from a block of soil 
26 by 26 by 42 in. Fic. 10. Root system of wild oat single plant measuring 7,987 ft. Fic. 
11. A single secondary root of Trebi barley with its 7,870 branches of Ist, 2nd, und 3rd orders 
measuring 6,778 in. F1G. 12. Root material from one foot of ordinary drill row of Hannchen 
harley (smother crop) weighing 17.837 gm. and measuring 20,202 ft. (Air-dry material.) 














Fic. 13. Root material from one foot of ordinary drill row of Prolific spring rye 
(cleaning crop) weighing 7.123 gm. and measuring 7,783 ft. plus a considerable loss 
in washing. (Air-dry material.) Fic. 14. Root material from one foot of ordinary 
drill row of Marquis wheat (moderate competitor ) weighing 7.181 gm. and measuring 
10,783 ft. (Air-dry material.) Fic. 15. Root material from one foot of ordinary drill 
row of Banner oats (moderate competitor ) weighing 6.017 gm. and measuring 5,460 ft. 
(Air-dry material.) Fic. 16. Root material from one foot of ordinary drill row of 
wild oats (weed) weighing 15.189 gm. and measuring 20,203 ft. 
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The root system of Banner oats (Fig. 15) resembles that of Marquis wheat. 
This may account for their interchanges of position in the competition studies. 
Banner oats however has slightly more fibre in the upper levels and a more 
even distribution throughout the occupied depth. 

Wild oats (Fig. 16) produced more root material than any of the cereals 
studied. From the surface to great depths its roots occupied the soil almost 
completely. Its primary and secondary roots branched and rebranched 
producing near the surface a dense network which evenly and very gradually 
diminished with increasing depth. Many side branches of primary and 
secondary roots were 22 in. or more in length. That cereals are able to com- 
pete at all with this weed may be explained first by the slower normal germin- 
ation of the wild oat and secondly by the fact that the wild oat has not more 
than three primary rogts and develops its root system very slowly at early 
growth stages. 

The mature root systems of Trebi barley and wild oats illustrated in Figs. 
9 and 10 provide a basis for comparison of an effective smother crop with a 
very noxious weed. The total length of the wild oat roots was 7,987 feet and 
that of the Trebi barley almost as much. A Hannchen barley root system 
measured 6,917 feet. Such root development evidently accounts both for the 
effectiveness of barley as a smother crop and for the noxious character of 
wild oats. 
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STUDIES ON FOOT AND ROOT ROT OF WHEAT 


III. EFFECT OF CROP ROTATION AND CULTURAL PRACTICE ON THE 
DEVELOPMENT OF FOOT ROT OF WHEAT! 


By W. C. BroaprootT? 


Abstract 


The following conclusions are drawn from a uniform, co-operative, crop 
sequence study at seven stations in western Canada, vis., Morden, Indian 
Head, Swift Current, Scott, Lethbridge, Olds and Vermilion, from 1928 to 
1932, inclusive (a total of 28 station-years). Foot-rot damage of wheat is 
significantly reduced where wheat alternates with summerfallow in a two-year 
rotation, where it follows summerfallow in other rotations, alternates with 
oats in a two-year rotation, follows oats in a three-year rotation, follows sweet 
clover in a three-yéar rotation, or where wheat is sown late. It is increased 
where wheat follows wheat, barley, or western rye grass. 


Introduction 


The loss to the wheat crop in western Canada from that complex, common- 
ly referred to as foot and root rot, is very important. Often it is attributed 
to one or more of the following organisms:—Ophiobolus graminis Sacc., 
Helminthosporium sativum P. K. and B., Fusarium spp., Leptosphaeria 
herpotrichoides de Not., Wojnowicia graminis (McAlp.) Sacc. and D. Sacc., 
and Pythium spp. Perhaps only in exceptional cases does one of the fungi 
mentioned cause all the damage observed. H. sativum and several Fusarium 
spp. are constantly associated with foot-rot damage, even when either may 
not be the principal agent. Some estimates of the loss from the various foot 
rots in several countries are listed in Table I. As a group these diseases 
are particularly prevalent and severe in western Canada in favorable seasons, 
and they are prevalent each year. Undoubtedly the foot rots in Alberta 
cause a much greater reduction in yield of wheat any season, than do the smuts 
and the rusts combined. 


It was first pointed out by Sanford (53) that the conditions in the black 
soils of Alberta appeared to be particularly favorable to take-all, and the 
conditions in the non-black soils distinctly less so. The foot rots caused by 
H. sativum and Fusarium spp. develop readily, both in the black and non- 
black soils of Alberta, Saskatchewan and Manitoba. Moreover, the evidence 
is that the damage does not diminish, but rather increases with the crop 
methods used. Bolley (6) attributed part of the increasing unproductiveness 
of land in North Dakota to the presence of foot-rotting organisms, which 


1 Manuscript received October 4, 1933. 

Contribution from the Division of Botany, Experimental Farms Branch, Department 
of Agriculiure, Ottawa, Canada, co-operating with the Dominion Experimental Farms at Morden 
in Manitoba, Indian Head, Swift Current and Scott in Saskatchewan, and at Lethbridge in 
Alberta, and the Alberta Schools of Agriculture at Olds and Vermilion. This paper conststules 
one part of a thesis submitted May 3, 1932, to the graduate faculty of the ne, Minnesota 
in partial oan of the requirements for the degree of Doctor of Philosophy. ad at Regina 
meetings of the Canadian Phytopathological Society, July, 1933. Abstract appears in Proceed- 
ings, World’s Grain Show and Conference, Ottawa, 1933. 

2 Plant Pathologist, Dominion Laboratory of Plant Pathology, Edmonton, Alberta. 
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TABLE I 


ESTIMATED LOSS OF THE WHEAT CROP DUE TO VARIOUS FOOT-ROTTING ORGANISMS IN 





CERTAIN AREAS 


Primary causal 


Authority Year Region organism Estimated loss 
Atanasoff (4) 1920 |U.S.A. Gibberella 20,000,000 bushels annually. 
saubinetii Causes seedling blight as well 
Stakman (59) 1919 |Minn. Helminthosporium |1 to 50% in individual fields 
sativum 
Heald (26) 1923 |Wash. Foot rot complex |40% of 4,000 acres in Spokane 
Valley. 30-50% reduction in 
yield 
Christensen 1922 |Minn. Helminthosporium 10-20% in Dakota, McLeod and 
(10) sativum Rice counties 
Johnson and 1919 |U.S.A. Gibberella 80,000,000 bushels in 1919 
Dickson (30) saubinetti 
Christensen and} 1925 |Minn. Foot rot complex |2-4% of common wheats, 5 to 15% 
Stakman (11) of durum,— as high as 75% in 
individual fields 
MacKinnon 1920 |Australia Ophiobolus 12-15% of Australian crop in 
(34) graminis certain years, with an average 
reduction for all years of 7% 
Stakman (60) 1921 |Oregon Ophiobolus 4 of wheat crop was lost at 
graminis Hillsboro 
Anon. (2) 1922 |Oregon Ophiobolus Considerable number of fields not 
graminis worth threshing 
Kirby (32) 1925 |New York |Ophiobolus 0.3 to 2% loss, although losses as 
graminis high as 20% were observed in 
individual fields 
Sanford (51) 1925 |Sask. Ophiobolus Varied from slight to 15-20% loss 
graminis in individual fields 
Russell (46) 1927 |W. Canada |Ophiobolus 15-20% loss in individual fields 
graminis 
Sanford (53) 1927 |Alta. Ophiobolus 7,000,000 bushels for Alberta only 
graminis 
Sanford (54) 1928 |Alta. Ophiobolus Loss in 30% of 914 fields examined 
graminis —very significant 
Russell (47) 1928 |Sask. Ophiobolus Varied from 1.6 to 18.3% in 
graminis individual fields 
Gordon (20) 1929 |Man. Foot-rot complex [Trace to 100% plants in certain 
fields.—25% of fields examined 
showed infection of 50% or 
more 
on” et al.) 1929 |England Foot-rot complex |Loss amounting to 30% of plants 
1 
Sanford (12) 1930 |Alta. Foot-rot complex |Found in 271 fields out of 416— 


2% damage 





attack wheat, rather than to a significant loss in fertility of the soil. 


Why 


certain micro-organisms should increase or decrease according to soil type, 
environment, crop or cultural practice, is at present imperfectly understood. 
However, the work of Sanford and Broadfoot (55), Broadfoot (7, 8), Porter 
(43), Henry (28) and others suggests that other soil-inhabiting micro-organ- 
isms may play an important role in this connection. 


Investigations for practical means of combatting the losses from these 
foot rots have followed two main lines, namely, the securing of naturally 
resistant varieties, and the devising of crop rotations and cultural practices 
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suitable to western agricuJture. Evidence is that the successful issue of the 
former method will require a long time, and there is the possibility that 
varieties may not be obtained which are wholly resistant under all environ- 
mental conditions. Hence, it may be necessary to depend more or less on 
crop rotation and cultural practices for satisfactory control of these diseases. 

Although certain investigators in Australia, Europe, the United States of 
America, and Canada, have recommended various crop rotations and cultural 
practices to reduce some of the foot rots mentioned, it is felt that, as obser- 
vations were made under local conditions, and as often only one disease was 
concerned, such recommendations may not be applicable to the situation in 
western Canada, or to the foot-rot complex as a whole as it develops naturally 
in a crop sequence during several years. Consequently, this laboratory 
initiated, with the co-operation of the Dominion Experimental Stations at 
Morden, Manitoba; Indian Head, Swift Current, and Scott in Saskatchewan; 
and at Lethbridge, Alberta, in 1927, and the Alberta Schools of Agriculture 
at Olds and Vermilion in 1929, an intensive and uniform crop rotation pro- 
ject, where the development of the foot-rot complex might be studied naturally 
under a wide range of soil and climatic conditions. 


Material and Methods 


Locations of Project and Soil Type 

The locations of the project, soil type, altitude, and approximate average 
annual precipitation were as follows.—Morden, in S.W. Manitoba; black soil 
belt, alt. 992 ft., precip. 19 in.: Indian Head in S. Saskatchewan; silty clay 
loam, alt. 1,927 ft., precip. 17 in.: Swift Current in S.W. Sask.; brown clay 
loam, alt. 2,432 ft., precip. 15 in.: Scott in W. Central Sask.; brown loam, 
alt. 2,164 ft., precip. 14 in.: Lethbridge in S. Alberta; light brown silty loam, 
alt. 2,938 ft., precip. 16 in.: Olds in Central Alta.; black loam, alt. 3,413 ft., 
precip. 17 in.: Vermilion in E. Central Alta., brown loam, alt. 2,029 ft., 
precip. 16 in. Precipitation from April to September, inclusive, for the four 
years, 1928 to 1931, for these seven stations, is shown in Fig. 1. 


Outline of Project 


The various crop sequences and cultural practices used, each with its 
reference number, are listed as follows:— 

Two-year rotations. 1, Summerfallow, wheat; 2, oats, wheat; 3, barley, 
wheat; 4, wheat, barley; 5, wheat, wheat; 6, wheat, wheat. 

Six-year rotations. 7, Western rye, w. rye, wheat, oats, summerfallow, 
wheat seeded with w. rye; 8, oats, summerfallow, wheat seeded with w. rye, 
w. rye, w. rye, wheat; 9, continuous wheat. 

Three-year rotations. 10, Wheat, summerfallow, wheat; 11, wheat, summer- 
fallow manured, wheat; 12, summerfallow, summerfallow, wheat; 13, summer- 
fallow, wheat, wheat; 14, summerfallow manured, wheat, wheat; 15, oats, 
oats, wheat; 16, sweet clover, s. clover, wheat; 17, w. rye, w. rye, wheat; 
18, 19 and 20, continuous wheat. 
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Cultural practices (second wheat crop after summerfallow). 21, Average 
rate, date and depth of seeding; 22, light rate, average date and depth of 
seeding; 23, heavy rate, average date and depth of seeding; 24, average rate 
and date of seeding, but sown deep; 25, average rate and date of seeding, 
but sown shallow; 26, average rate, date and depth of seeding; 27, average 
rate, and depth of seeding, but sown late; 28, average rate, and depth of 
seeding, but sown early; 29, average rate, date, and depth of seeding but 
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Fic. 1. Precipitation at seven stations in western Canada during April to September, inclusive, 
Sor the four years 1928 to 1932. 
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packed ‘‘heavy”’; 30, average rate, date, and depth of seeding but packed 
“light”; 31, average rate, date, and depth of seeding not packed. 


Cultural practices (first wheat crop after summerfallow). 32, Average rate, 
date and depth of seeding; 33, light rate, average date and depth of seeding; 
34, heavy rate, average date and depth of seeding; 35, average rate, and 
date of seeding, but sown deep; 36, average rate, and date of seeding, but 
sown shallow; 37, average rate, date, and depth of seeding; 38, average rate 
and depth of seeding, but sown late; 39, average rate and depth of seeding, 
but sown early; 40, average rate, date and depth of seeding, but packed 
“heavy”; 41, average rate, date and depth of seeding, but packed “‘light’’; 
42, average rate, date and depth of seeding, not packed. 

The average ‘‘rate’’, “‘date’’ and “depth” of seeding means that normally 
used at a station. ‘Heavy packing’ was twice the weight of the “light 
packing’, where known weights were added to the packer. The manure, 
where applied, was broadcast at the rate of 12 tons per acre, before the land 
was plowed for summerfallow. ‘‘Early’’ and ‘“‘late’” seeding means seeding 
10 days earlier, and 10 days later, respectively, than the average time for 
the station. ‘‘Heavy” and ‘“‘light’’ seeding means one-quarter bushel per 
acre more or less seed, respectively, than normally used at the station. 
“Shallow” and ‘“‘deep’”’ seeding means 3-1 in. below, or above, the average 
depth for the station. 


The results were obtained from four systematically distributed plots, each rs 
acre for each unit of the entire experiment. That part of the project dealing 
with cultural practices, viz., 21-42, was, of necessity, omitted from Morden, 
Lethbridge, Vermilion and Olds. The plot at Swift Current was appropriated 
after the third year for an aviation field. Owing to economy measures at 
Indian Head the project there was discontinued after 1931. 

A variety of spring wheat commonly grown in the district represented by 
the station was used, viz. Mindum, a durum wheat, at Morden; Marquis, at 
Indian Head, Swift Current, Lethbridge and Olds; Ruby, at Scott; and 
Renfrew, at Vermilion. 

Field notes were taken just before the plants were wholly mature. Twenty 
plants were chosen at random from each of the four replicate plots of a unit, 
making a total of 80 plants from each unit of the experiment. The crowns 
and subcrowns were cut longitudinally, and the secondary roots examined 
and all rated numerically for degree of infection. An adequate representative 
sample of the basal portion of the plants from each plot was brought to the 
laboratory and isolations made from them. The results from these isolations 
are reported in Part IV of this series. The yield was taken at most of the 
stations. 


Methods of Estimating Foot-rot Damage 


In America and Europe a uniform method of recording the severity of cereal 
rusts is in general use, but in the case of foot rots it is sometimes described 
by the terms “‘trace’’, ‘‘medium” or “severe”. Others indicate it in per- 
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centage derived from estimated numerical values of arbitrary classes of sever- 
ity and surviving plants. Any numerical system lends itself well to statistical 
treatment. McKinney (33) and Christensen (10) have adopted the latter 
method, each with certain marked modifications, the chief difference being 
that Christensen uses more classes than McKinney, which would seem one 
way of reducing the error of personal judgment. Then, too, the method of 
McKinney would seem better adapted to estimating damage in the seedling 
stage. With any system, important difficulties arise in determining the actual 
severity of disease on mature plants grown in the field. For example, the 
relation between the actual degree of injury to the crown tissue, and the color 
of this tissue, or its relation to the degree of shrivelling of the grains, is ex- 
tremely difficult to estimate with any degree of certainty. That is to say, 
the relation may or may not be sufficiently close. Therefore, it is a question 
whether the rating should not be entirely based on the condition of the crown 
and secondary roots. In any case, it would seem highly desirable that a 
uniform system of recording numerically, in the seedling stage, and also in 
the mature stage, the severity of the foot rot be officially sanctioned for general 
use by a recognized body. 


Importance of Color 

A preliminary examination was made of the relation of the infection rating 
to discoloration of basal tissue, and also its relation to the general condition 
of the spike and grains. Material used for the purpose consisted of 200 


TABLE II 


DEGREE OF INFECTION AND COLOR OF CERTAIN PLANT PARTS, AND SOUNDNESS OF SPIKES OF 
PLANTS FROM WHEAT AFTER SUMMERFALLOW AND CONTINUOUS WHEAT SEQUENCES 






Degree of infection! Degree of color® 















Plant parts Wheat after Continuous Wheat after Continuous 
summerfallow wheat summerfallow wheat 
A. Primary roots 3.72 light to | 6.88 heavy to| 1.50 brown 2.77 light 
medium dead black 
B. Subcrown internode 3.00 light to | 4.72 medium | 1.23 light 2.45 light 
medium to heavy b black 
C. Lower half of crown 5.42 medium | 7.04 aay to 2.09 brown 
to heavy lead brown 
D. Upper half of crown 4.88 medium | 5.76 co a 27 _ 2.08 brown 
rown 
E. ist set of secondary | 5.61 medium | 6.99 heavy to] 1.53 light 2.29 brown 
roots to heavy dead brown 
F. -- senate above | 1.15 trace to | 2.74 light to | 0.59 very 1.53 brown 
light medium light brown 
G. and ‘wet of secondary | 4.40 medium | 5.19 medium } 1.08 light 1.59 brown 
roots to heavy brown 
H. 3rd set of secondary | 4.28 medium | 4.79 medium | 0.83 very 1.56 brown 
roots (if present) to heavy to heavy light brown 
Average* 4.05 medium | 5.51 medium | 1.16 light 2.05 brown 
to heavy brown 
1Z=1.88; P = 1193. 2Z = 3.67; P = very great. 


eee of spike:—wheat afler summerfallow, 89.8% healthy; continuous wheat, 75.5% 
y. 
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plants grown in 1928 from each of two long-time rotations at the Dominion 
Experimental Station, Lacombe. The first sample was from a rotation 
in which summerfallow alternated with wheat, and the other sample from 
continuous wheat. Certain parts of the general foot and root area of these 
plants (indicated in Table II), were rated separately for color and also for 
severity of infection. The color was numerically rated as follows: normal 0, 
light brown 1, brown 2, dark brown 3, light black or dark gray 4, and black 5. 

As indicated in Table II, the average color rating of the tissue parts was 
nearly twice as great on the 200 plants from the sequence wheat after wheat 
as it was on those from the sequence wheat after summerfallow. When 
compared on the basis of probable error according to “‘Student’s” method 
(61), Z had a value of 3.67, and the odds were very great that the difference 
was significant. In the continuous wheat sequence the color of the basal parts 
ranged from brown to light black, while in the sequence where wheat alter- 
nated with summerfallow, it was brown in only one instance, namely, the 
primary roots, while the other parts were either very light brown or light 
brown. 

The infection rating given the corresponding parts from each of the series 
mentioned was, as in the case of color, more pronounced for wheat after wheat 
than for wheat after summerfallow. Based on an average for all parts used, 
the ratio was approximately 1.3:1, where the Z value was 1.88, and the 
odds 1193:1. The average for color, on a similar basis for the two sequences, 
was in the ratio of 1.8:1, and with a Z value of 367, the odds were very great 
that the difference was significant. 

However, even though there be general agreement in color and infection 
rating, there are many instances where the degree of color may not correctly 
indicate the severity of infection. A good example of this is supplied by 
plant part D, upper half of crown, where the color rating for brown was 2.08 
in the one case, and 1.27 for light brown in the other, while the infection 
ratings were 5.76 and 4.88, respectively. 


Soundness of Spikes 


The general soundness of spikes, including color and condition of kernels, 
appeared to be even less closely related than the color of the basal part to 
the infection rating, based on the condition of the crown and*root tissue. 
The ratio of healthy spikes from wheat after summerfallow and from con- 
tinuous wheat was 1:1.2, while for unhealthy spikes it was 1:2.4. How- 
ever, the infection rating of the two lots, based wholly on the crown and root 
tissue, was approximately 1:1.3. Thus, in spite of the fact that certain cases 
arise where the relation might be fairly close, the actual condition of the crown 
and root tissue is not always reflected by the condition of the spike. The 
same may be said regarding yield. 

Consequently, in this experiment the infection rating was based wholly 
on the condition of the crown and secondary roots. The primary roots were 
ignored, since on mature plants in the field these may be an uncertain quantity. 
The various degrees of infection were rated as follows:—clean 0, trace 1, 
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AVERAGE YEARLY RESULTS ARE GIVEN 


EFFECT OF CROP ROTATION AND CULTURAL PRACTICE ON THE DEVELOPMENT OF FOOT ROT OF WHEAT AT SEVEN STATIUNS 1N WKS1KKN CANADA 
DURING 1928 To 1932, INCLUSIVE. 





Yield 


1928 | 1929 | 1930 | 1931 | 1932 | Av.| B 





Number of total culms 


Number of fertile culms 





1928 | 1929| 1930 | 1931 | 1932| Av. | B 


1930 | 1931| 1932] Av. | B 





Infection rating 


A® | 19281 1929] 1930| 1931 | 1932| Av. | Bt 


2-year rotations 
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light— 2, light 3, light+ 4, medium— 5, medium 6, medium+ 7, heavy— 8, 
heavy 9, heavy+ 10. These data were further supplemented by the total 
number of culms, number of fertile culms, and yield. 


Experimental Results 


For convenience, the summarized results of each crop sequence or cultural 
practice, for all the stations (totalling 28 station-years) will be discussed 
separately. The data taken at every station from 1928 to 1932, inclusive, 
on infection rating, total number of culms, number of fertile culms, and yield 
of wheat, are compiled in various tables*, and, as it is impossible to present 
these in detail here, only average results will be used in this report. How- 
ever, it is deemed advisable to present in Table III the average results for 
each year. 

The agreement in results among replicates of a given treatment at the 
various stations during one year was reasonably satisfactory, under the 
conditions of the experiment. An example of the variation among the four 
replicates of each of the two continuous wheat series at the various stations, 
in 1930, with Z and P values calculated as before by Student’s method, is 
supplied in Table IV. Satisfactory explanation for the large variation at 
Vermilion is not available. However, in no other year did such an unusual 
variation occur, either in the replicates of these, or other sequences at any 
station. It may also be mentioned that the variation probably would be 
less in the continuous wheat sequence than it would be where wheat followed 
different crops. Naturally the wide range of soil and climatic conditions 


TABLE IV 


INFECTION INDEX FOR THE REPLICATES, MEANS, AND Z AND P VALUES CALCULATED BY 
; “STUDENT'S” METHOD FOR TWO CONTINUOUS WHEAT SEQUENCES AT SEVEN STATIONS 


Infection index 


Values 
Station _ Replicate for 
A B Cc D Av yA P 

Morden 5 4:71 241 3.71 65) 6.3 .02 1.02 
6 3.7 2.31 4.2% S.21 €6@ 

Indian Head 5 SA) $51 6.3 6.9] 6.0 .69 5.29 
6 S71 S44 S41 S64 S36 

Swift Current 5 651 6Ol &9t 7.3 &7 .05 1.12 
6 6.71 6.0] 68] 6.0] 6.4 

Scott 5 4.2 4.3 aoa 4.9 4.2 aoe 2.24 
6 4:31 691 3.7 1) 431 43 

Lethbridge 5 §.31 &:Si SOE Sat SS .10 1.29 
6 §$.9t $9 5.81 4:61 3:6 

Olds 5 4.4) 4.9] 4.1] 4.2] 4.4 -10 1.29 
6 4.8} 4.0] 5.2] 4.4] 4.6 

Vermilion 5 4.7| 4.6] 4.6] 3.9] 4.5] 2.62 102.0 
6 6.0} 6.5] 4.7 $21 36 





*The results for each crop sequence and station for the years 1928 to 1932, inclusive, are on file 
and are available at the Dominion Laboratory of Plant Pathology, Edmonton, Alberta. 
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which existed between one station and another in a given year, tended to 
affect the infection rating, yield and other data from all treatments. But 
the significance of these climatic and soil factors cannot be discussed fully 
at this time. Suffice it to say, such variations would not seem to affect 
the conclusions in this paper. 


Crop Sequence 


Continuous wheat. Guyot (25), Gram (21), Gram, J¢@rgensen and Rostrup 
(23), and Tedin (62) in Europe, and Russell (48), and Sanford (52) in Canada, 
have pointed out that wheat suffers most from foot rot where this crop is 
grown continuously on the same soil. The average results for the con- 
tinuous wheat sequence, treatments Nos. 5 and 6 (Table V), for the years 
1928 to 1932 inclusive, indicate that this sequence gave the highest infection 
rating and the lowest yield and number of fertile culms of any in the entire 
experiment. 











TABLE V. 
Treat- Rotation LR F.C T.C Y.B 
cd -R, . 1 3a .B. 
5 Continuous wheat 3.7 1.4 1.9 | 20.4 
6 panes wheat 3:9 1.4 1.9 | 20.7 


NoTe:—IJ.R., F.C., T.C., and Y.B., indicate infection rating, fertile culms, total culms, and 
yteld in bushels per acre, respectively. These abbreviations will be used subsequently in tabular 
listings. 


Summerfallow alternating with wheat. Gram and Rostrup (22), and Petersen 
(41) in Europe, and Fraser, Simmonds and Russell (18), and Sanford (52) 
in Canada state that take-all is less severe where wheat follows summer- 
fallow than where it follows wheat. This is amply verified throughout this 
experiment. In fact, wheat grown after summerfallow was much less severely 
attacked than it was after any other crop or practice, the infection rating 
being 1.9 for the former, and 3.7 for continuous wheat sequence (treatments 
Nos. 1 and 5). Also, the average total number of culms, average number of 
fertile culms, and yield were uniformly greater where wheat followed summer- 
fallow than where it followed wheat. This is indicated in Table VI. 


TABLE VI 


Treat- 


ment Rotation Y.B. 

1 Summerfallow alternating with 27.1 
wheat 

5 Continuous wheat 20.4 








: 
4 
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Barley alternating with wheat. Gram, J @rgensen and Rostrup (23), Moritz 
(36), and Heitz (27) in Europe, and Russell (48) in Canada, state that where 
wheat followed barley, the development of take-all was favored, although 
Petersen (41) in Sweden suggests that this disease can be practically elimin- 
ated by a crop of summer barley. Also, it is maintained that injury from 
H. sativum is frequently increased when wheat is grown after barley. 


In the rotations described here the average infection rating on wheat 
grown after barley was 3.5, which is almost as great as it was on wheat 
grown after wheat, viz. 3.7 (treatments Nos. 3 and 5). The difference in 
average total number of culms, average number of fertile culms, and yield 
was very slight for the two sequences, being indicated by the results in 
Table VII. 


TABLE VII 
Treat- - 
onaee Rotation I.R. FG; ‘TG. YB. 
3 Barley alternating with wheat 3.6 1.4 1.8 21.1 
5 Continuous wheat 3.7 1.4 1.9 20.4 


Oats alternating with wheat. Heitz (27), Petersen (41), Sanford (52), 
Russell (48), and Simmonds (58) state that foot rot is greatly reduced where 
wheat follows oats. Richardson (44), Schaffnit (56), Kirby (32), Fraser, 
Simmonds and Russell (18), Wolf and Lehman (64), and Russell (47), state 
that in general oats are highly resistant or immune to O. graminis. How- 
ever, Jones (31), in Wales, described the formation of perithecia of this 
parasite on oats, and, in Germany (36), Australia (1), and Denmark (3) 
certain varieties were found susceptible. 


The infection rating on wheat after oats shows quite conclusively that this 
crop greatly reduces foot-rot injury, and in this respect is fairly comparable 
to the effect of summerfallow. For example, the infection rating was 2.0, 
while for continuous wheat it was 3.7. In Table VIII is a comparison of 
averages of infection rating, number of fertile culms, number of total culms, 
and the yield, from this sequence, with the continuous wheat sequence (treat- 
ments Nos. 2 and 5). 








TABLE VIII 
Treat- Rotation LR. F.C. TC. Y.B. 
ment 
2 Oats alternating with wheat 2.0 1.5 1:9 21.5 
5 Continuous wheat at 1.4 1.9 20.4 


ST 





a a ee ee 
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Two crops of oats followed by wheat. The effect of two crops of oats on the 
infection rating was apparently identical with that of one crop of oats. The 
results from this sequence are compared in Table IX with those from the 
continuous wheat sequence, and also with those from one crop of oats (treat- 
ments Nos. 15, 2 and 5). 


TABLE IX 







Treat- 


nat Rotation PX. TG. Y.B. 
15 Wheat after two crops of oats 2.1 1.4 2.0 21.8 
2 Oats alternating with wheat 2.0 1.5 1.9 21.5 

5 Continuous wheat $.7 1.4 1.9 20.4 


Two crops of sweet clover followed by wheat. The average infection rating 
in this sequence was very similar to that in the sequence in which summer- 
fallow alternated with wheat (treatments Nos. 16 and 1). The averages of 
the total number of culms and number of fertile culms were increased slightly, 
and the yield, which depends upon the catch of sweet clover secured, was 
on the whole improved (Table X). 








TABLE X 
Treat- . 
neat Rotation LR. ra. Te Y.B. 
16 Wheat after two years of sweet ae 1.7 2.3 25.4 
clover 
1 Wheat aiter summerfallow 1.9 ee 2.2 27.1 
5 Continuous wheat a 1.4 1.9 20.4 


Two crops of western rye followed by wheat. Samuel (50), Russell (48), 
Padwick and Henry (38), and others have reported that take-all is favored 
when wheat follows western rye. Also, some observers contend that damage 
from either H. sativum or Fusarium spp. is increased by this crop. The 
infection rating from this sequence was about as high as it was from the 
continuous wheat sequence or from the sequence wheat after barley (treat- 
ments Nos. 17, 3 and 5). The comparison is shown in Table XI. 


TABLE XI 
Treat Rotation LR FC T.C Y.B 
one R. ic: ao. -B. 
17 Wheat after two crops of western 3.9 1.4 2.1 22.2 
rye 
3 Wheat after barley 3:5 1.4 1.8 zi.1 


5 Continuous wheat a 1.4 1.9 20.4 
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Wheat after two years of summerfallow. This sequence was included to 
determine whether two years of summerfallow would reduce the infection 
rating even more than one year of summerfallow. The results, which are 
given in Table XII, indicate that, under average conditions of this experi- 
ment, one year of summerfallow is as effective as two for the purpose in- 
dicated (treatments Nos. 12 and 1). 





TABLE XII 
Treat- Rotation F.C. Y.B 
ment x 
12 Wheat after two years of summer- £9 a3 29.8 
fallow 
1 Summerfallow alternating with 1.9 5.7 27.1 
wheat 
§ Continuous wheat 3:7 1.4 20.4 





One year of summerfallow followed by two crops of wheat. Although the 
average infection rating on the first crop of wheat after summerfallow was 
low, viz. 1.9, that on the second crop of wheat in this sequence was increased 
to 3.7 (treatments Nos. 1 and 13). Also the averages of the total number 
of culms and number of fertile culms, and yield were reduced, as indicated 
in Table XIII. 


TABLE XIII 
Treat- . 
uae Rotation I.R. F.C. ‘Sie bg 
13 Second wheat crop after summer- 3.7 1.4 2.0 22.0 
fallow 
1 Summerfallow alternating with a3 a 2.2 ye 
wheat 
5 Continuous wheat 3.7 1.4 5.9 20.4 


The data given show how quickly foot rot increases normally. From the 
standpoint of foot rots and also economy, a crop of oats the second year 
after summerfallow, where practicable, would provide a better sequence. 


Summerfallow (manured) followed by two crops of wheat. Rosen and Elliott 
(45), and Fellows (16) state that stable manure, applied to soil infested with 
O. graminis, greatly reduced the severity of take-all. Peyronel (42) re- 
commends nitrogenous fertilizers for this purpose. Moritz (36) did not 
observe consistent effects of such application, while Benoist and Bailly 
(5), Erhard-Frederiksen (14), and Tedin (62) state that manure favors the 
development of take-all. Apparently there are no very definite observations 
respecting the effect of manure on the foot rots caused by H. sativum or 
Fusarium spp. 
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In these experiments, the rating was practically as low the first year on 
manured summerfallow, as it was on the summerfallow without manure 
(treatments Nos. 11 and 10). The rating on the second crop of wheat on 
manured summerfallow was practically the same as for a similar sequence 
where no manure was applied (treatments Nos. 14 and 13). Possibly a more 
effective test would be to apply manure to a continuous wheat sequence. 
The comparison is shown in Table XIV. 


TABLE XIV 
Treat- : , 
alone: Rotation I.R. PA. ade ¥.B. 
11 First wheat crop after manured a 19 Be $2.2 
summerfallow 
10 First wheat crop after summer- i..9 1.8 2.4 27.4 
fallow 
14 Second wheat crop after manured 3.8 1.$ 2..0 24.8 
summerfallow 
13 Second wheat crop after summer- 3.7 1.4 2.0 22.0 
fallow 


From these data is is evident that the yield was slightly greater for the 
sequences in which manure was used than for those in which it was not used. 


Summerfallow followed by wheat seeded down with western rye. The infection 
rating for wheat in this sequence (treatment No. 7), cannot be compared 
fairly with other sequences in this project. However, where wheat was 
sown after two years of western rye in treatment No. 8, the rating was 4.3, 
while it was 2.4 in treatment No. 7. In the latter instance the limited avail- 
able soil moisture after the second year of western rye probably would affect 
severely the wheat and favor foot-rot under average conditions in the prairie 
provinces. On this account, and because of less foot rot, and a greater 
yield, perhaps a more suitable procedure would be to use sweet clover instead 
of western rye (treatment No. 16). The averages of infection rating, total 
number of culms and number of fertile culms, and yield for the treatments 
mentioned are given in Table XV. 


TABLE XV 
Treat- ‘ . 
ae Rotation IR, Pi. Ta. es. 
7 Summerfallow followed by wheat 2.4 * 2 2.2 30.5 
with w. rye (six-year rotation) 
8 Wheat after two years w. rye (six- 4.3 1.3 2.0 25.1 
year rotation) 
17 Wheat after two years w. rye 3.9 1.4 aot 22.2 
(three-year rotation) 
16 Wheat after two years sweet clover 24 ee ae 25.4 


(three-year rotation) 


i 
i 
} 





L, 





STUDIES ON FOOT AND ROOT ROT OF WHEAT 109 


Cultural Practices 


Parisot (39), and Hulsenberg (29) in Europe, state that take-all is favored 
where cultural practices provide conditions above the optimum for growth, 
while Tepper (63), and Pearson (40) of Australia, and Rosen and Elliott 
(45) at Arkansas, state that undernourished plants are more susceptible. 
Certain cultural practices, such as rate, date, depth of seeding, and firmness 
of soil, which might affect the vigor of the plants, were studied under field 
conditions. 

The observations were made, in one instance on the second wheat crop 
after summerfallow (treatments Nos. 21-31, inclusive), and in the other case 
from wheat seeded on summerfallow (treatments Nos. 32—42, inclusive). 
Since the infection rating was not significantly different for any of the 
sequences in which: wheat followed summerfallow, except possibly for 
late seeding, discussion will be confined to the results at Indian Head, 
Swift Current and Scott (11 station-years) from seeding on spring-plowed 
wheat stubble. The check used for each cultural practice was the average 
for the station. There were 12 systematically distributed checks. The 
averages of infection rating, number of fertile culms and number of total 
culms, and yield were in each case very similar, as may be seen in the results 
from treatments Nos. 21, 26, and 31. 


Date of seeding. Parisot (39), Brunchant (9), Gaudineau and Guyot (19), 
and Feistritzer (15), in Europe, and Kirby (32) in America, state that winter 
wheat, sown early, is more susceptible to take-all than if it is sown late. 
According to Russell (47, 48) this is also true of spring wheat. Apparently 
no very definite information regarding H. sativum and Fusarium spp. is avail- 
able. The average results from three dates of planting (treatments Nos. 26, 
27, and 28) are shown in Table XVI. 


TABLE XVI 
Treat- P 
onan Cultural practice IR F.C RE Y.B 
26 Average 2.3 1.3 1.8 13.8 
27 Late 3.7 $7 1.7 13.9 
28 Early 2.8 1.4 1.8 12.0 


In spite of the reduced infection rating from planting late, this practice, 
on account of early frost hazard, would not be safe in western Canada, except 
possibly in southern districts. 


Rate of seeding. Guerrapain and Demolon (24), Mangin (35), Foéx (17), 
Sévegrand (57), Parisot (39), Erhard-Frederiksen (14), and Peyronel (42) 
in Europe, and Kirby (32) in America, state that with winter wheat take-all 
is favored by dense sowing. Obviously, the effect of rate of seeding on 
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yield and vigor of the plants, may be modified greatly by available soil 
moisture and nutrients. The average results obtained from average, light, 
and heavy seedlings (treatments Nos. 21, 22 and 23) are compared in Table 
XVII. 


TABLE XVII 
Treat- : 
oak Cultural practice IR. ¥B. 
21 Average 2.4 13.5 
22 Light 2.3 13.2 
23 Heavy 2.4 13.8 





Depth of seeding. Russell (47, 49) states that, in pot culture, plants from 
wheat grains planted 4 in. deep, suffered from take-all more than when they 
were planted 2 in. deep. With respect to foot rot caused by H. sativum or 
Fusarium spp., field observations frequently suggest that very deep seeding 
increases the disease. However, in these experiments no definite results 
were obtained, possibly because the differences between ‘‘shallow’’, ‘‘deep” 
and ‘‘average’’ were not sufficient for an adequate test. The average results 
(treatments Nos. 24, 25, and 26) are given in Table XVIII. 


TABLE XVIII 


Treat- ‘ 

ment Cultural practice I.R. F.C Th Y.B 
24 Deep 2.6 1.4 1.7 15.8 
25 Shallow 2.4 1.4 1 13.4 
26 Average 2.3 1.3 1.8 13.8 


Packing. Sometimes farmers maintain that foot rot is reduced when a 
loose soil is packed. Russell (47), by controlling the soil moisture, found 
little effect on take-all from compacting the soil in pot culture, except that it 
retarded the emergence of the plants. The results in Table XIX obtained 
from heavy, light, and no packing of the soil, at the average rate, date, and 
depth of seeding (treatments Nos. 29, 30 and 31), were, under the conditions 
of the experiment, very similar. 


TABLE XIX 
Treat ‘ 
meat Cultural practice I.R F.C eis Y.B 
29 Heavy 2.8 1.4 1.8 14.4 
30 Light 2.6 1.4 1 | 14.7 
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Graphical Summary of Infection Rating for Project 


The summarized results, from the entire project for the years 1930 to 1932, 
inclusive, indicating the infection rating of wheat resulting from various 
crop sequences and cultural practices, are illustrated in Fig. 2. The per- 
centages indicate the relative rating obtained and do not necessarily suggest 
the actual degree of loss. 


Discussion 


It may be well to recall the wide range of soil and climatic conditions under 
which the foregoing results were obtained, and also the associated advantages 
and difficulties. Foot-rotting fungi were not added to the soil, or their 
development unnaturally stimulated. Also, the crop rotations and cultural 
practices were carried out in a way quite comparable to ordinary farming 
methods. In spite of natural difficulties in a field project of this kind, and 
the fact that some of the crop sequences are still too young to permit of final 
conclusions, the results given are reasonably well founded, and have a wide 
application in the prairie provinces of Canada. 


Foot rot always developed most where wheat followed wheat, barley, or 
western rye grass, which in general verifies field observations. Also, the 
average number of fertile culms and total culms, and yield were uniformly 
lower in these sequences than in any others used. There was a marked de- 
crease in foot rot and an increase in the number of fertile culms, total number 
of culms, and yield where wheat followed summerfallow. Under the conditions 
of the experiment, two years of summerfallow did not appear to be more 
effective in reducing foot rot than one year, and hence this procedure would 
seem both unnecessary and unsound, except possibly in more severe cases 
of foot rot than those studied in this investigation. However, the average 
number of fertile culms, total number of culms, and the yield were increased 
significantly in each instance. Where a crop of oats preceded wheat, foot 
rot was reduced practically as much as it was by summerfallow, and, as with 
summerfallow, two crops of oats did not appear to be more effective than one 
crop in reducing the infection rating. The number of fertile culms, total 
number of culms, and yield were very similar in both cases, and not signi- 
ficantly different for the continuous wheat sequence. Where wheat followed 
two crops of sweet clover the general effect on foot rot was the same as that 
obtained by summerfallow or oats. However, the yield, number of fertile 
culms, and total number of culms were increased over those observed where 
wheat followed oats. 


The application of manure to summerfallow did not, in these studies, 
significantly modify the amount of foot rot onthe two subsequent crops of 
wheat, beyond what occurred on similar sequences without manure. How- 
ever, it is felt that these results should not be accepted as final for all condi- 
tions. The possibility that manure, applied to a continuous wheat sequence, 
would favor foot rot more than it does when applied to summerfallow, should 
not be overlooked. 
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Concerning the cultural practices available to the farmer, such as rate, 
date, and depth of seeding, and packing of the soil, the only evidence from 
these studies was that foot rot develops less on plants from late-sown wheat 
than on those from earlier seedings. However, this method cannot be safely 
used in western Canada because of frost hazard. 

Finally, it should be mentioned that in these studies the progress of the 
foot rot was based wholly on the condition of the crown and secondary 
root tissue, and that the condition of the spike or the grains was not consider- 
ed. The experimental evidence given earlier suggested this procedure as 
being the more reliable. Also, field observations of the foot rots, each year, 
indicate that frequently the progress of this disease in the crown may be 
marked, and yet the spike and grains may or may not reflect a corresponding 
effect. a 
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STUDIES ON FOOT AND ROOT ROT OF WHEAT 


IV. EFFECT OF CROP ROTATION AND CULTURAL PRACTICE ON THE RELA- 
TIVE PREVALENCE OF HELMINTHOSPORIUM SATIVUM AND FUSARIUM 
SPP. AS INDICATED BY ISOLATIONS FROM WHEAT PLANTS! 


By W. C. BroaprooT? 


Abstract 


The crown and root tissue from 43,305 of 47,360 plants examined in this 
investigation yielded Helminthosporium sativum, Fusarium culmorum and other 
Fusarium spp., either alone or in combination with these or other fungi and 
bacteria. It was the exception for any mature plant, the surface tissue of which 
was disinfected, to be free from fungi or bacteria. None of the various crop 
sequences or cultural practices used in this study appeared to significantly 
affect more than another the relative prevalence of either H. sativum or Fusarium 
spp., as indicated by isolations from the crown tissue of wheat. However, as there 
was a marked tendency at certain stations each year for H. sativum or Fusarium 
spp. to predominate, it was concluded that certain factors of the environment 
were more effective than the crop sequence in modifying the relative prevalence 
of the two fungi mentioned in the crown and root tissue of wheat plants. 


Introduction 


Commonly either Helminthosporium sativum P.K. and B. or Fusarium spp., 
or both, grow from the crowns and other basal parts of wheat plants suffering 
from foot rot, and yet they may or may not be parasitic. Ordinarily, 
these fungi, when the tissue is surface disinfected and incubated on solid 
media, grow to the exclusion of Ophiobolus graminis Sacc., even when the 
latter has caused most of the damage. On the other hand, H. sativum and 
Fusarium spp. are important foot-rotting pathogens, and they are extremely 
common in the soils of western Canada. However, there appear to be no 
very definite data in the literature as to whether the relative proportion of 
these are modified by certain crop rotations, cultural practices, regional 
location, climatic or other factors. Opportunity to obtain information on 
these interesting possibilities was afforded by the material available in the 
crop sequence and cultural studies which are described in Part III of this 
series (1). 

Material and Methods 


A preliminary experiment was made to determine whether isolating from 
the crown tissue would indicate reasonably well the prevailing fungus in both 
crown and secondary roots. For this purpose an average of 46 plants was 
selected at random in 1928 on the long-time, continuous wheat plots at each 
of the following stations:—Brandon, Indian Head, Swift Current, Lethbridge, 

1 Manuscript received October 4, 1933. 

Contribution from the Division of Botany, Experimental Farms Branch, Department of 
Agriculture, Ottawa, Canada, co-operating with the University of Alberta. This paper constitutes 
one part of a thesis submitted May 3, 1932, to the graduate faculty of the University of Minnesota 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy.* 

2 Plant Pathologist, Dominion Laboratory of Plant Pathology, Edmonton, Alberta. 


*Read at Regina meetings of the Canadian Phytopathological Society, July, 1933. Abstract 
appears in Proceedings, World’s Grain Show and Conference, Ottawa, 1933. 
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and Lacombe. Sections were cut from the roots more than 1 cm. from the 
crown, and from 1 cm. next to the crown. The crown was also cut longi- 
tudinally in halves. After disinfecting for two minutes in a 1 : 1000 mercuric 
chloride solution, these portions were placed on potato sucrose agar in separate 
plates. Half of each crown was placed cut side down, and the other half cut 
side up. After 10 days at room temperature, the colonies of H. sativum, F. 
culmorum, and other species of Fusarium growing from the sections were 
recorded for each plant part. In general, the identification of the fungi was 
based on macroscopic characters. 


In 201 out of 280 cases, or 87.4%, apparently the same organism grew 
from both halves of the crown. In 186 out of 230 cases, or 80.9%, the same 
organism grew from the roots 1 cm. next to the crown as grew from the crown 
tissue. In 155 out of 230 cases, or 67.4%, apparently the same fungus in- 
habited the roots more than 1 cm. from the crown as was isolated from the 
crown. Of particular interest is the fairly close agreement in kind of organism 
in the two halves of the crown and in the roots 1 cm. long next to the crown. 
The correlation seemed to decrease in sections of the root more remote from 
the crown. Hence, in spite of certain variations it seemed best and reason- 
ably safe, for the purposes of this study, to culture from the crown tissue 
only. The routine procedure consisted in taking the main tiller, removing 
the secondary roots close to the crown, the subcrown internode about 1 cm. 
below it, and also the culm about 1 cm. above the crown. During 1928 and 
1929, determinations were made on only 10 random plants from each replicate 
of a sequence or practice, but from 20 plants in 1930, 1931 and 1932. 


The crown parts were disinfected in mercuric chloride solution as before 
for two minutes, and incubated for 12 days in Petri plates on potato sucrose 
agar. The colonies of H. sativum, F. culmorum and other Fusarium spp. 
were recorded, and some other fungi were identified. 

Owing to the practical impossibility of identifying with certainty all isola- 
tions of what apparently was H. sativum and F. culmorum, not to mention 
other Fusarium spp., in a study of this magnitude, the following comparisons 
will be based only on the isolations tentatively identified as H. sativum and 
Fusarium of the culmorum type and other Fusarium spp. While there may 
have been cases of mistaken identity of both fungi mentioned, the classifica- 
tion made of the two fungi, so different in color and general growth char- 
acteristics, will probably be sufficiently accurate for the purposes of this study. 

Because of difficulties mentioned, there is doubt about the wisdom of 
attempting to classify even roughly the culmorum type of Fusarium from 
among the Fusarium species present. However, the results obtained indicate 
how common this type is in the crown tissue of wheat, while not obscuring 
the relative prevalence of H. sativum, or the Fusarium spp. as a group. 

The results, based on the total colonies of both H. sativum and Fusarium 
spp. will be given to the nearest decimal in percentage for H. sativum and 
F. culmorum. The percentage of other or all Fusarium spp. can be estimated 
readily where not listed. 
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Experimental Results 

Fungi Commonly Isolated 

The crown and root tissue from 43,305 of 47,360 plants examined in this 
study yielded H. sativum, F. culmorum and Fusarium spp., either alone or in 
combination with these and other identified and unidentified fungi and 
bacteria, so that it may be safely said that it was the exception for any mature 
plant, the surface tissue of which was treated, to be free from fungi or bacteria. 
H. sativum and Fusarium of the culmorum type, and also other Fusarium spp. 
were usually isolated from plants, the basal tissue of which bore signs of foot- 
rot infection. Sometimes one or more of the following grew from the tissue :— 
H. sativum, Fusarium spp., Penicillia, Alternaria, Rhizoctonia sp., Macro- 
sporium sp., Cladosporia, Actinomyces sp., Hormodendrum sp., Wojnowicia 
graminis, Ascochyta graminicola. Aspergillus niger and Monilia sitophilia 
frequently grew from the plated tissue, and often to the exclusion of other 
fungi or bacteria. However, in most cases, the tissue yielded either H. sativum 
or Fusarium spp. or both. 


In spite of the fact that signs of take-all were evident on occasional wheat 
plants in all experiments, and at certain stations were more or less pronounced, 
O. graminis was not definitely identified once from 47,000 odd plants plated 
out. Its absence may be accounted for partly by the presence of other 
micro-organisms that grow more rapidly in plate culture, by the rather un- 
suitable substrate that was used, by the slow growth-habit of this fungus, or 
by the disinfectant used. 


From observations, during this study, the opportunities for Fusarium spp. 
and H. sativum to grow from the plated tissue would seem equally good. 
These fungi grow vigorously and are not very definitely antagonistic to each 
other, and any advantage in competition on the substrate used is usually 
with the Fusarium spp. 


Variation in Results 


It may be well to supply here, from the data, a typical example of the 
variation in percentage, of H. sativum and Fusarium spp., which occurred be- 
tween the means of two similar crop sequences at a station in a given year. 
The results from material from the two continuous wheat sequences (treat- 
ments Nos. 5 and 6) at seven stations in 1930, will be used for the purpose. 
The average relative prevalence in percentage of H. sativum, F. culmorum 
and other species of Fusarium is indicated in Table I. 


In both sequences, the variation with respect to H. sativum exceeded 10% 
at four of the seven stations, that is to say, this fungus appeared to be less 
prevalent in one of two identical rotations than the other at one station. A 
good example of this was at Olds, where the percentage was approximately 2 
with treatment No. 6, and 19 with treatment No. 5. The cause for this 
variation is not known. However, there was fairly good agreement when the 
data from all stations were averaged. A similar situation existed with regard 
to F. culmorum, and to other species of this genus. At one of the stations the 
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TABLE I 


PERCENTAGE ISOLATIONS OF Helminthosporium sativum, Fusarium (culmorum type) AND ALL 
Fusarium spp., FROM WHEAT OF TWO IDENTICAL SEQUENCES OF CONTINUOUS 
WHEAT AT VARIOUS STATIONS IN 1930 








Stations* 
Treatment Cee 
Mord. | I.H. | S.C. Scott Leth. | Olds | Verm. | Av. 

(H. sativum ) 

5. Cont. wheat 37 62 46 63 53 19 49 47 

6. Cont. wheat 48 76 37 60 52 2 66 48 
(F. culmorum ) 

5. Cont. wheat 17 16 27 2 26 65 4 23 

6. Cont. wheat 9 10 31 12 30 79 2 25 
(All Fusarium spp. ) 

5. Cont. wheat 63 38 54 37 47 81 51 53 

6. Cont. wheat 52 24 63 40 48 98 34 52 


* Following are abbreviations in above and in subsequent tables: Morden (Mord.), Manitoba; 
Indian Head (I.H.), Swift Current (S.C.), and Scott in Saskatchewan; and Lethbridge (Leth. ), 
Olds and Vermilion (Verm.) in Alberta. 


variation was less, and in some cases probably within the error of the experi- 
ment. In the case of all Fusarium spp. the variation was greater than 11% 
at four of the seven stations. The most significant thing about this is that in 
the same year either F. culmorum or all species of Fusarium might be relatively 
scarce at one station and relatively abundant at another station in a similar 
sequence. This is well illustrated by the results from Vermilion and Olds. 


Variation at all Stations each Year 


The two similar crop sequences, which were used to illustrate the variation 
in results occurring among stations in a given year, will be employed to indicate 
the yearly variation in the average results from all stations. The average 
relative prevalence of H. sativum, F. culmorum and other Fusaria is indicated 


in percentage in Table II. 
TABLE II 


AVERAGE YEARLY PERCENTAGE ISOLATIONS FROM ALL STATIONS OF Helminthosporium sativum, 
Fusarium (culmorum type) AND OTHER Fusarium spp. FROM WHEAT, OF TWO 
IDENTICAL SEQUENCES OF CONTINUOUS WHEAT 


Sequence No. 5 Sequence No. 6 
1928 | 1929 | 1930 | 1931 | 1932 | 1928 | 1929 | 1930] 1931 | 1932 


H. sativum 51 47 | 47 35 52} 48 | 46] 49; 29] 51 
F. culmorum 8 28 23 24 24 11 31 25 29 24 
Other Fusarium spp. 41 251 30} 41 24} 41 23 26 | 42 25 


Except in 1931, the average prevalence of H. sativum and Fusarium spp. 
was relatively constant, varying fairly closely around 50% in each crop 
sequence. In 1931 the number of Fusarium spp. was greater than H. sativum 
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by about 30% in sequence No. 5 and by 42% in sequence No. 6. The average 
of the results during five years of each of the two sequences would suggest 
similar values for these fungi. 

Comparisons of other crop sequences, where various crops precede wheat, 
cannot be made for obvious reasons. Even considerable variations might be 
expected in such instances, although it will be apparent later that the example 
just given fairly well illustrates the kind and range of variation in the data 
throughout the study. 


The Relative Prevalence of H. sativum and Fusarium spp. as Isolated 
from Wheat in Various Crop Sequences and Cultural Practices 


Christensen (2) and others have shown the constant occurrence of H. 
sativum on the basal parts of barley, and Simmonds (3) the occurrence of 
F. culmorum on the crown and root tissue of oats. The crop sequences from 
which wheat plants were obtained for isolation purposes in this study are as 
follows, each with its respective reference number:—Two-year rotations: 
1, summerfallow, wheat; 2, oats, wheat; 3, barley, wheat; 5, wheat, wheat; 
6, wheat, wheat. Three-year rotations: 10, wheat, summerfallow, wheat; 
11, wheat, summerfallow (manured), wheat; 12, summerfallow, summer- 
fallow, wheat; 13, summerfallow, wheat, wheat; 14, summerfallow (man- 
ured), wheat, wheat; 15, oats, oats, wheat; 16, sweet clover, sweet clover, 
wheat; 17, western rye, western rye, wheat. 

The foregoing rotations were at five of the Dominion Experimental Stations, 
and at two of the Alberta Schools of Agriculture. 


TABLE III 


THE AVERAGE PERCENTAGE ISOLATIONS*, AT VARIOUS STATIONST, OF Helminthosporium sativum 
AND OF Fusarium culmorum FROM WHEAT WHICH FOLLOWED DIFFERENT CROPS 


Station 


Treatment 


Wheat after: 
1. S. fallow 
. Oats 
. Barley 
. Wheat 
6. Wheat 
15. Two crops oats 
16. Two years s. clover 
17. Two years w. rye 
Average 


*H. sativum and F. culmorum indicated by ‘‘Hs" and Fc,”’ respectively. 
tFor Mord., I. H., Scott and Leth., 1928 to 1932, inclusive; for S.C., 1928 to 1930, inclusive; 
and for Olds and Verm., 1930 to 1932, inclusive. 


The average results in Table III would suggest at first that at some of 
the stations H. sativum was isolated more frequently from wheat after certain 
crops than after others. For example, at Morden the percentage was 60 
after bariey and 52 after two years of oats, and 56 following summerfallow, and 
only 55% following continuous wheat. However, at other stations it is 
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obvious that this relation is not maintained. H. sativum appeared to be more 
frequently isolated from wheat after barley than from wheat after other 
crops, this being most marked at Indian Head and Swift Current. How- 
ever, as its relative prevalence was almost as great, or sometimes much 
greater, on wheat after summerfallow, or after oats, as it was on wheat after 
wheat or after barley, the differences would seem within the experimental 
error. The variation indicating the relative prevalence of all Fusarium spp. 
as affected by the crop sequence, may be explained similarly. Although the 
figures for this group are not given in Table III, they can be calculated 
readily. There appears to be a definite tendency at some stations for either 
H. sativum or the Fusarium spp. to predominate, regardless of crop sequence. 
At Morden, the former was in the ascendancy, while at Indian Head and 
Vermilion they were about equally prevalent. 

Average data in Table III also suggest that the culmorum type of Fusaria 
was isolated more frequently at certain stations than at others. For example, 
at Vermilion and Morden it was consistently lower than at any other station, 
irrespective of the crop sequence. At other stations the proportion of F. 
culmorum to all Fusastum spp. appeared to be relatively higher. It is repeated 
here that, on account of the difficulty of correctly identifying F. culmorum, 
only marked differences would be significant. 

That the variation obtained may be due to conditions at a station, and 
not to any particular crop sequence, is further suggested by the data in 
Table IV, where the average results for various sequences are given for each 
year at all stations. In general, the proportion of H. sativum to Fusarium 
spp. is very uniform for all crops, with one possible exception, viz., wheat 
after oats, where the trend is for a greater proportion of Fusarium spp. How- 
ever, greatest differences, which appear to be more consistent, occurred in 
certain years, for example, in 1931, where the isolations of Fusarium spp. 


TABLE IV 


THE YEARLY AVERAGE PERCENTAGE (FOR ALL STATIONS) OF ISOLATIONS* OF Helminthosporium 
sativum AND OF Fusarium spp., FROM WHEAT IN VARIOUS CROP SEQUENCEST 


1928 1929 1930 1931 1932 Av. 
Treatment a eee nana ea Ta EN ce ea Nee aaa 


Wheat after: 


1. Summerfallow 50 | 50 | 41 | 59 | 49 | 51 | 34} 66 | 49} 51 | 45 | 55 
2. Oats 54 | 46 | 40 | 60 | 43 | 57 | 31 | 69 | 37 | 63 | 41 | 59 
3. Barley 56 | 44 | 50 | 50 | 48 | 52 | 37 | 63 | 49 | 51 | 48] 52 
5. Wheat 51 | 49 | 47 | 53 | 47 | 53 | 35 | 65 | 52 | 48 | 46] 54 
6. Wheat 48 | 52 | 46 | 541 49 | 51 | 29 71 | 51 | 49 | 45 | 55 
15. Oats, oats 43 | 57 | 41 | 59 | 41°] 59 | 27 | 73 | 41 | 59 | 39] 61 
16. S. clover, s. clover 38 | 62 45 | 55 | 42 | 58 | 30 | 70 | 39 | 61 | 39 | 61 
17. W. rye, w. rye 52| 4 | 54| 46] 48 | 52 | 33 | 67 | 49 | 51 | 47 | 53 

Average 49} 5i 5 | 55 | 46 | 54] 32 | 68 | 46 | 54 | 44 | 56 





*H. sativum and Fusarium spp. indicated by ‘‘H" and ‘‘F,"’ respectively. 
t+Treatments Nos. 1, 2 and 3 are two-year rotations; Nos. 15, 16 and 17 three-year rotations; 
and Nos. 5 and 6, continuous wheat. 
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predominated over those of H. sativum to a greater extent than for any year 
of the study. Similarly, in 1928, H. sativum was predominant, while in other 
years it was more or less secondary. 


Effect of Manure 


In this study, isolations of H. sativum and F. culmorum were made from 
wheat in the four following three-year rotations:—10, wheat, summerfallow, 
wheat; 11, wheat, summerfallow (manured, 12 tons), wheat; 13, summer- 
fallow, wheat, wheat; and 14, summerfallow (manured, 12 tons), wheat, 
wheat. The only difference between the first two rotations and between the 
last two rotations was that manure was applied to the summerfallow in one 
sequence in each instance. The infection rating on the third and fourth 
sequhces, viz., 13 antl 14, where the isolations were made from the second 
crop of wheat, was 3.5 and 3.5, respectively, while for the first two, viz., 10 


and 11, it was 1.9 and 2.2. 
TABLE V 


THE EFFECT OF MANURE ON THE AVERAGE PERCENTAGE ISOLATIONS* OF Helminthosporium 
sativum AND OF Fusarium spp. FROM WHEAT. THE DATA APPLY TO CROP SEQUENCES 
AT MorpeNn, INDIAN HEAD AND Scott, 1928 To 1932, INCLUSIVE 





Stations Mord. | IH. | Scott | Mean 
Treatment HiFi Beribhi Pr | Hiv 
Wheat after: 
10. Summerfallow 46 | 54] 53 | 47] 45 | 55 | 48 | 52 
11. Summerfallow (manured) 50 | 50 | 55 | 45 | 36 | 64 | 47 | 53 
13. Summerfallow, wheat 52 | 48 | 62 | 38 | 52 | 48 | 56 | 44 
14, Summerfallow (manured), wheat 49 | 51 | 55 | 45 | 51 | 49} 51] 49 


*H. sativum and Fusarium spp. indicated by ‘“‘H"’ and “‘F,"’ respectively. 


In Table V are shown the average percentages of H. sativum and Fusarium 
spp., obtained at three stations from 1928 to 1932, inclusive. It may be 
stated briefly that the results in this table indicate that the proportion of H. 
sativum to all Fusarium spp. was about the same where manure was applied 
as where it was not applied. The slight difference in either direction is prob- 
ably not significant. 


Effect of Cultural Practices 


Additional evidence that H. sativum and Fusarium spp. may be isolated 
from wheat by the method used, in about the same relative proportions, 
irrespective of crop sequence or cultural practice, is supplied by summarized 
data from that part of the experiment described in Part III (1) under 
“Cultural Practices” (treatments Nos. 21 to 42, inclusive). In this experiment 
the date, depth and rate of seeding wheat were each varied three ways, that 
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is to say, the seed was sown early, average and late; deep, average and 
shallow; and at a light, average and heavy rate. This experiment was 
duplicated on two rotations, namely “wheat, summerfallow, wheat’’; and 
“summerfallow, wheat; wheat”. The isolations in the latter instance were 
made from the second crop of wheat. The proportion of H. sativum to 
Fusarium spp., isolated using the various practices mentioned, is given in 
Table VI. Here it is apparent that the numbers of H. sativum and the 
Fusarium spp. isolated bear the same general ratio in each of the sequences 
at each of the three stations. 
TABLE VI 


THE AVERAGE PREVALENCE IN PERCENTAGE OF Helminthosporium sativum* and Fusarium spp.* 
AS ISOLATED A, FROM THE SECOND WHEAT CROP AFTER SUMMERFALLOW, AND B, FROM 
THE FIRST WHEAT CROP AFTER SUMMERFALLOW, WHERE THE DATE, RATE, AND 
DEPTH OF SEEDING WERE VARIED 








1.H.t S.C. Scottf Av. I.H.t 


Station 





F | H 





H| F | F H 





F Ht | F 





Rate of seeding 






Light 53 | 47 | 41 | 59 


45 
Heavy $8 | 42 | 49 | 51 


Depth of seeding 





Average 60 | 40 | 40 | 60 | 47 | 53 | 49 | 51 | 57 | 43 | 45 | 55 | 54 | 46] 52 | 48 
Deep 55 | 45 | 51 | 49 | 46 | 54] 51 | 49 | 57 | 43 | 39 | 61 | 56 | 44] 51 | 49 
Shallow 51; 49 | 50 


Average 54 | 46 45 








*Indicated by “‘H” and “'F,” respectively. +A four-year average (1928-1931). 
tA three-year average (1928-1930). 


Effect of Climatic and Sotl Factors ’ 


So far in this study, the crop sequence or cultural practice did not seem tu 
modify significantly the proportion of H. sativum to Fusarium spp. That 
soil or climatic factors may have some effect is suggested in Table VII where 
the yearly average preponderance for the respective fungi is indicated in 
percentage. 
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TABLE VII 


THE EXCESS, IN PERCENTAGE, OF ISOLATIONS* OF Helminthosporium sativum AND Fusarium 
SPp., OR vice versa, AT EACH STATION DURING 1928 To 1932, INCLUSIVE. DATA ARE 
BASED ON AVERAGE ISOLATIONS FROM WHEAT IN ALL SEQUENCES 


1930 1931 


*H. sativum and Fusarium spp. indicated by ‘““H” and ‘‘F,” respectively. 
tData are absent where dashes occur. 


In 1928 the isolations of H. sativum were greater than those of Fusarium 
spp. at Lethbridge, Indian Head, and Morden (16, 4 and 6%, respectively), 
but at Scott the difference was not significant. In 1929 the isolations were 
from 2 to 14% greater at all stations, except Morden, where those of H. 
sativum were greater (14%). In 1930, when final data from Olds and Ver- 
milion were available, making seven stations in all, H. sativum was apparently 
more abundant at Indian Head, Scott, and Morden by 34, 14, and 14%, 
respectively, and at Vermilion- by 4%, while the Fusarium spp. were in the 
majority at Olds by 74%, at Swift Current by 26%, and at Lethbridge by 
only 6%. The most striking difference was in 1931, when the isolations of 
Fusarium varied from 22 to 44% greater at the seven stations. In 1932 each 
organism appeared to be about equally abundant at all stations, except at 
Lethbridge, where the advantage for the Fusarium species was 44%. Data 
for Indian Head and Swift Current were not available for 1932. 

Although it is impossible here to offer the correct explanation for the yearly 
variation indicated above, it would seem that the difference in soil anu climate 
among the various stations might, either directly or indirectly, be responsible. 


Discussion 


In view of the nature of the problem, and the necessarily indirect methods 
of analysis employed, only trends in certain directions rather than sharply 
defined results were anticipated. The fact that the tissue from which the 
platings were made was located in the soil, and therefore subject, not only 
to a range of soil conditions, but invasion by saprophytic as well as parasitic 
fungi, introduces conflicting factors. Then too, in artificial culture, the 
characteristic growth habits in association, of the fungi which may emerge 
from the internal tissue, not affected by the disinfectant, may tend to render 
difficult, and at times perhaps make impossible, the recognition of certain 
fungi. However it was pointed out earlier that, in general, both H. sativum 
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and the Fusarium spp. are about equally vigorous in growth, and fairly 
compatible. Moreover the regularity with which one or the other, and often 
both of these fungi emerged from the crown tissue used, suggests that a fairly 
accurate picture might be obtained. Obviously, without tests for patho- 
genicity, we have no idea regarding the possible significance of their presence, 
nor can the relative prevalence of these fungi in the tissue more than suggest 
their relative prevalence in the soil. 

In this study the crown portions of 47,360 plants were cultured on potato 
sucrose agar. Either H. sativum or Fusarium spp., or both were found on 
43,305 plants, which is very significant in view of the possible injury from 
toxic growth products and general parasitic effects in this tissue. 


As far as could be ascertained from this study, the crop sequence or cul- 
tural practice used did not appear to affect significantly the relative prevalence 
of either H. sativum or Fusarium spp. in the crown tissue of wheat at a given 
station in any year. This is interesting in view of the fact that summerfallow, 
a crop of oats, sweet clover, or some non-susceptible crop, actually reduced 
the foot-rot damage on the following crop of spring wheats. 


Perhaps the most significant result obtained was the indication that the 
climatic conditions, and possibly the soil, at a station, each year, determined 
the relative prevalence of H. sativum and the Fusarium spp. 
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CYTOSPORA INFECTION FOLLOWING FIRE INJURY IN WESTERN 
BRITISH COLUMBIA! 


By JoHN DEARNEss? AND J. R. HANSBROUGH® 


Abstract 


Data are given concerning the appearance of Cytospora spp. on 15 species of 
shrubs and trees following a light ground fire near D’Arcy, B.C. On 11 of the 
hosts was found a species of Cytospora, which is herein described under the name, 
C. pulcherrima. On three of the hosts was found an undetermined Cytospora 
with larger spores and darker, less delicate tendrils. On the one coniferous 
host present, Douglas fir, the only fungus present was determined as C. friesii 

cc. 2 

t” The taxonomic importance of the study rests on the range of species of in- 
fected hosts which revealed a width hitherto unknown or at least unreported 
for a Cytospora, 


In the north temperate latitudes there are few, if any, lignicolous plant 
species which are exempt from invasion by one or more parasitic or sapro- 
phytic members of the genus Cytospora. Thus, Cytospora spp. are common 
and sometimes highly injurious parasites of poplar (Populus spp.) (2, 5, 6, 7, 
9, 10-14) and there are several published reports (4, 8, 15) of serious canker 
injury to fruit trees by the same or closely related species. The majority, 


however, of the species in this genus are regarded as saprophytes, or at worst, 
as parasites upon weakened living tissue. An example of this type of injury 
was observed by the junior writer and J. L. Mielke at D’Arcy, B.C.,* on 
May 31, 1931. The circumstances surrounding the case were thought to 
be of sufficient interest to merit a brief study of the conditions antecedent to 
the infection and of the fungi involved. 


In the early spring of 1931 a light ground fire had run over an area of approxi- 
mately one-tenth of an acre and had killed most of the herbaceous annuals 
and injured all of the shrubs and small trees. Of this latter group there were 
15 different species present, and on all of them Cytospora spp. were fruiting 
near the bases of the living but weakened stems. The hosts, listed in the 
order of their apparent susceptibility to infection, were as follows: Salix sp., 
Alnus tenutfolia Nutt., Populus trichocarpa hastata Henry, Philadelphus 
gordonianus Lindl., Cornus occidentalis (T. and G.) Cov., Crataegus brevispina 
(Doug.) Hell., Betula fontinalis Sarg., Pseudotsuga taxifolia (LaM.) Britt., 
Acer glabrum douglasiit (Hook.) Dipp., Amelanchier florida Lindl., Grossularia 
dwvaricata (Doug.) Cov. and Britt., Ribes sanguineum Pursh, Rosa nutkana 
Presl., Sambucus glauca Nutt., and Rubus leucodermis Doug. 


1 Manuscript received September 29, 1933. 
2 Mycologist, London, Ontario. 


3 Assistant Pathologist, Division of Forest Pathology, U.S. Department of Agriculture, in 
ona with the Northeastern Forest Experiment Station and Yale University, New Haven, 
onn., U.S.A. 
*D'Arcy is a stop on the Pacific Great Eastern Railway approximately 90 miles north of Van- 
couver, B.C. 
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This susceptibility rating is based on the estimated bark area infected on 
the various species. No definite information could be obtained as to whether 
or not all of the host species were uniformly injured by the fire but from 
general observation such was thought to be the case. All of the shrubs and 
saplings on the area were rather badly scorched but in no instance had death 
resulted. Therefore, for example, if the willow and maple were apparently 
equally injured by the fire but the former was much more heavily infected 
by the fungi, then it was considered to be more susceptible to such invasion. 

The typical cirri, or spore tendrils, of the genus Cytospora were very notice- 
able on all of the scorched plants except the Douglas fir, and were particularly 
conspicuous on the willow and alder saplings where they hung in moss-like 
appendages, three to four inches in length. 

Collections of the fungi on all 15 hosts were made and sent to the senior 
author for critical study and determination. 

Allescher (1) gives descriptions of 171 species of Cytospora reported from 
Central Europe, many of whose descriptions are practically duplicated, or 
even triplicated, in their important features except host habitat. It is reason- 
able to expect that many of these so-called species will, when their life histories 
are fully known, be reduced to synonomy or varietal rank. The variation 
in the thickness, firmness and chemical nature of the bark of the different 
hosts may be expected to cause some corresponding variation in the morph- 
ology of a single fungus growing upon them. 

If no two of the 15 hosts enumerated above had grown within miles of each 
other it is probable that instead of one species of Cytospora appearing on 11 
of them, there might have been at least a few supposedly different species. 
The identical conditions under which these examples were initiated and 
developed give them unusual taxonomic importance. The question arises 
whether or not the scorching of the bark is a favoring or possibly a necessary 
condition of its growth. 

As indicated above, on 11 of the-15 host species there was found the same 
Cytospora which is described below as a new species. 


Cytospora pulcherrima 


Cytospora pulcherrima sp. nov., but possibly a stage of Valsella pulcherrima 
(E. and E.) Berl. (3). 

Pustules conic, rather thinly and evenly scattered, less frequently in small 
groups, concolorous but gradually darkening as the underlying stromata 
progress toward maturity, showing a whitish granular substance around the 
perforation at the apex. Stromata erumpent, seated in the cortex, not reach- 
ing the wood, not circumscribed by a dark line; flesh pallid at first, becoming 
dark gray, 1-1.3 mm. in diameter at base; pycnidial chambers few to many, 
radiate-crowded, opening into a common, black, minute ostiole which when 
mature enough to discharge conidia can be seen with a hand lens as a dark 
speck in the white granular apex. Conidia allantoid, hyaline, minute, 3.5-4 
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by 0.75 yu, issuing in protected places as pale amber-colored, hair-like tendrils, 
elsewhere as darker corkscrews, horns or beads. Conidiophores filiform, 
fasciculate, or subdendriform; forming a layer over the hymenial lining of 
the chambers, 15-22 u deep. 


On Salicaceae; Salix sp., Populus trichocarpa hastata: Betulaceae; Betula 
fontinalis, Alnus tenuifolia: Cornaceae; Cornus occidentalis: Rosaceae; 
Amelanchier florida, Crataegus brevispina, Rosa nutkana: Saxifragaceae; 
Philadelphus gordonianus: Aceraceae; Acer glabrum douglasii: Caprifoli- 
aceae; Sambucus glauca. 

Type locality. D’Arcy, British Columbia. 

Distribution. Known only from the type locality and from near Northport, 
Washington. 

Si Jcimens examined. Herbarium of the Division of Forest Pathology, 
United States Department of Agriculture: Collections as follows made at 
D’Arcy, B.C., by J. R. Hansbrough and J. L. Mielke. On Salix sp. 40,844. 
On Alnus tenutfolia, 40,845. On Populus trichocarpa hastata, 40,846. On 
Cornus occidentalis, 40,847. On Crataegus brevispina, 40,848. On Philadelphus 
gordonianus, 40,849. On Betula fontinalis, 40,850. On Acer glabrum douglasit, 
40,852. On Amelanchier florida, 40,853. On Rosa nutkana, 40,856. On 
Sambucus glauca, 40,857. 


Herbarium of J. Dearness: Parts of all the above collections under one 
group number, 7,859 (Composite type). On Salix sp., Pepoon Lake, North- 
port, Wash., coll. E. E. Hubert. 


On all of the hosts at D’Arcy except the Rosa and Sambucus, the Cytospora 
was Closely associated with a Valsella stage. Mature discharged ascospores 
of this Valsella were not observed but their size and shape in the ascus were 
determined and the fungus was identified as V. pulcherrima. 

The Valsella at first closely tesselates the bark with black-margined disks, 
each centered with a speck of whitish granular substance. The regularity 
and prettiness of these disks at this stage probably suggested the specific 
name pulcherrima. Later they become conical pustules, with few to many 
crowded ostioles, not rising above the ruptured bark. In most of the pustules 
there is more or less whitish ectostromatic tissue overlying the perithecia and 
surrounding the ostioles. 

In 1929 Prof. E. E. Hubert of the School of Forestry, Moscow, Idaho, sent 
the senior author a Valsella, which the latter referred to V. pulcherrima, and 
also a Cytospora, both collected on Salix sp. on the shores of Pepoon Lake, 
near Northport, Wash. Prof. Hubert reported the fungi as killing many 
clumps of the willow. These two forms cannot now be separated from the 
specimens from D’Arcy, B.C. The tentatively assumed relationship between 
the Cytospora and the Valsella remains to be proved but the assumption that 
they are related is so strong that the authors risk giving this important ‘‘Im- 
perfect’ the possibly provisional name of C. pulcherrima. 
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On three of the remaining four hosts, namely, Grossularia divaricata, Ribes 
sanguineum and Rubus leucodermis, there was- present a second and entirely 
different Cytospora which has not been identified because of the absence of 
any perfect stage associated with it. This fungus has larger spores, 6-8 X 2 y, 
and darker, redder, less delicate cirri. In addition to the three above-listed 
hosts, it was occasionally found along with C. pulcherrima on the 11 hosts 
upon which that fungus was collected. 


On the one remaining host, Pseudotsuga taxifolia, the only fungus present 
was identified as Cytospora friesit Sacc. Considering the ubiquitous occur- 
rence of some species of Cytospora it is significant that there was in this case 
no crossing-over of a species from a deciduous to a coniferous host, or vice 
versa. 
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MEASUREMENTS OF THE SURFACE TENSION OF CARBON 
TETRACHLORIDE AT LOW TEMPERATURES! 






By T. Atty? anp G. F. CLarxK? 







Abstract 


The variation of the surface tension of carbon tetrachloride with temperature 
has been determined with considerable accuracy between +12° C. and —10° C. 








Introduction 


At temperatures higher than room temperature the surface tension of 
carbon tetrachloride has been determined by a number of observers, but at 
lowe ‘temperatures only a few isolated determinations (3, 4, 5) have been 
made. Accurate values of the surface tension over a range of temperature in 
the neighborhood of 0° C. were required in connection with other work in 
progress in this laboratory, and as these were not otherwise available, measure- 
ments of the surface tension have been made in the temperature range between 
+12° C. and —10° C. The present paper gives the results obtained. 












Experimental 






The two most accurate methods for the determination of surface tension 
are the capillary rise and the drop weight methods. The latter was found 
more convenient for the present work and was used throughout. 


Harkins and Brown (2) have shown that the mass (m grams) of the drop 
which falls from a circular tip of radius R cm. is given by the formula 


R 
mg = 2nRy f (+) (1) 
where y is the surface tension of the liquid in dynes per cm., V is the volume 







R\. , 
of the drop in cc. and s(4n) is a correction factor whose values are tabu- 





R 
lated for different values of (+7) by Harkins and Brown. 





In order that Equation (1) shall apply accurately, the tip on which the 
drop is formed must be perfectly circular and free from flaws and its lower 
surface, from which the drop hangs, must be perfectly horizontal. In addition, 
the rate of formation of the drop must be sufficiently slow. If due attention 
is given to these points, very accurate values of the surface tension may be 
obtained by this method. 

The arrangement of apparatus used was quite similar to that of Harkins and 
Brown. As they have given a detailed description of it in their paper (1), 
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this need not be repeated here. The drops fall into a weighing bottle of known 
mass which is supported inside a water-tight container. The latter is im- 
mersed in a large thermostat so that the weighing bottle acquires the temper- 
ature of the thermostat but is not wetted by the thermostat liquid. When 
temperature equilibrium is established a number of drops of tetrachloride 
are allowed to form slowly on the tip and are collected in the weighing bottle 
which is then removed from the thermostat, stoppered and weighed. 

The important part of the apparatus is the tip on which the drops are 
formed. In the present experiments a glass tip was used. This was prepared 
as suggested by Harkins by inserting a piece of glass capillary tubing in a 
lathe and running the latter at high speed. A flat plate, on which was placed 
fine wet carborundum powder, was held against the side of the rotating glass 
and the side ground until the glass had a uniformly circular cross section. 
The side was then carefully polished and the end of the tube ground flat and 
perpendicular to the side. When ready for use no flaws in the circular edge 
of the tip could be detected on examination in a low power microscope. 

At temperatures above 0° C. water was used as the thermostat liquid; at 
lower temperatures this was replaced by a mixture of snow and calcium 
chloride. 

The carbon tetrachloride was the best obtainable commercially and was 
further purified. It was washed several times with pure sulphuric acid and 
then with distilled water. The washing was repeated with a solution of 
sodium hydroxide and finally with distilled water once more. Calcium 
chloride was then added to the tetrachloride and the container left in a shaker 
for 24 hr. in order to remove most of the water. The drying process was 
completed by the addition of pure sodium. Finally the liquid was filtered 
and distilled, the middle fraction alone of the distillate being used. This 
portion was redistilled and only the tetrachloride distilling off within 0.02°C. 
of the true boiling point was used in the experiments. 

If the empty weighing bottle is fitted over the dropping tip at room temper- 
ature and the apparatus is then immersed in a thermostat at a lower temper- 
ature, there will be an appreciable condensation of vapor in the bottle. Con- 
sequently the mass of liquid found in the bottle at the end of the experiment 
will be the sum of the masses of the fallen drops and that of the condensation. 
The true drop weight can therefore not be determined directly from the 
weight of the liquid. 

The correction for the condensation clearly will depend both on the initial 
temperature of the apparatus and also on the temperature of the thermostat. 
The initial temperature of the apparatus was kept constant in all the experi- 
ments by immersing the water-tight containef, containing the weighing 
bottle and tip, in a water bath at 25° C. The apparatus remained in this 
bath until temperature equilibrium was established and was then transferred 
to the cold thermostat for the experiment proper. In order to eliminate the 
varying effect of the vapor condensation at different thermostat temperatures 
the experiment was performed in two portions. In the first, the mass (mm, gm.) 
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of five drops plus the condensation was determined; in the second, the mass 
(mz gm.) of 30 drops plus the condensation was obtained. Subtraction of the 
two results at any given thermostat temperature then gives the true weight 
of 25 drops at this temperature... In practice, the large heat capacity of the 
water-tight container and its contents made it rather difficult to reproduce 
the lower temperatures exactly for a whole series of experiments. For this 
reason the mass m, was measured at a large number of different temperatures 
and the results represented graphically. A second similar series of experi- 
ments gave mz, the mass of 30 drops plus the condensation, as a function of 
the temperature. From the two curves so obtained, the true mass of 25 
drops could be read off at any desired temperature. 


There are two difficulties peculiar to work at temperatures below room 
temg ature. As soon as the apparatus is taken from the thermostat, the 
weighing bottle is removed from the dropping tip and tightly stoppered to 
prevent the escape of vapor. The liquid inside is at the temperature of the 
thermostat, which is considerably below room temperature. Consequently 
there is an immediate deposit of water vapor on the outside of the weighing 
vessel when the temperature of the latter is below the dew point. This may 
seriously interfere with the weighings. 

Again when the bottle is stoppered, the temperature of the liquid inside is 
low and its vapor pressure is small. As the liquid temperature rises, the total 
pressure inside becomes greater than atmospheric pressure and there is a 
tendency for vapor to leak out of the container. The weighing bottles used 
had ground glass stoppers which were carefully reground to give as perfect a 
fit as possible so as to minimize the effect of this loss of vapor. With these 
precautions, the leak was very steady and was barely large enough to be 
noticed in weighing. 

It was further observed that the water vapor, condensed on the outside of 
the weighing bottle, evaporated again very rapidly once the temperature of 
the bottle approached that of the room and that about one and a half or two 
minutes after removing the bottle from the thermostat all trace of the water 
vapor had vanished from the bottle. 


The bottles were therefore weighed in the following standard manner. 
After removal from the thermostat, the bottle was stoppered immediately: 
and placed on a metal plate so that its temperature rose uniformly and fairly 
quickly to that of the room and the water vapor evaporated from its surface. 
The bottle was weighed exactly two minutes after it had been taken from the 
thermostat. By this time its outer surface was perfectly free from water so 
that the weight obtained was the true weight of the bottle and the contained 
‘iquid. Further, if the time between removal from the thermostat and the 
weighing of the bottle is the same in all cases, the small amount of carbon 
tetrachloride vapor lost by leakage will be very approximately the same for 
an experiment with five drops as for one with 30 drops, so that no appreciable 
error will appear in the drop weight deduced from the two curves. All the 
masses given in the graphs are therefore those of the liquid contained in the 
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weighing bottle two minutes after removal from the thermostat. It is believed 
that this procedure eliminates any error due to condensation on the outside 


of the bottle. 
Results 


The radius of the dropping tip was measured by means of a low power 
microscope. The mean value of 20 measurements gives 
R = 0.19726 cm., 
the average error of the measurements being 0.00019 cm. 
The time of formation of 
a drop when allowed to form 
freely on the tip was about 


0.6800 ieee four minutes. 
| a a vn It will be seen from Fig. 
0.6400 ~ 


1 that the graphs of m 
and mz, as functions of the 
temperature are very nearly 
linear and over the short 
0.1400 - range of temperature used 
oe in these experiments, the 
results can be represented 
° +4 +8 +12 +16 ° 

TEMPERATURE IN °C. by an equation of the type 

Fic. 1. Variation of the masses m, and m, with temperature. m=atbt+ct. 


MASS IN GRAMS 





This equation was fitted to the experimental data by the method of least 
squares and gave for the mass of five drops plus the condensation 


m, = 0.12352 — 8.3938 XK 10 + 1.9168 x 10°? (2) 
while for the mass of 30 drops plus condensation it gives 
m, = 0.67755 — 31.533 K 10% + 1.7944 X 10°? (3) 


In Fig. 1 the circles represent the actual experimental points while the curves 
drawn are those given by Equations (2) and (3). 


Finally by subtraction of Equation (2) from Equation (3) we have the mass 
of 25 drops and hence the mass (m gm.) of one drop in the form 


m = 0.022161 — 9.2557 K 10 — 4.896 x 10% (4) 
The values of m have been calculated from Equation (4) at intervals of 1° 
between +12° C. and —10° C. The surface tensions are deduced therefrom 
by direct application of the equation , 
cote 
R 
2x Rf (yr) 


R 
the correction factor f (7) being obtained from Harkins’ table. 


The results of the calculation are given in Table I. 
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TABLE I 
RESULTS OF CALCULATIONS 





ere. m, gm. Dynes per cm. E*€. 
+12 .021043 27.80 + 1 
+11 .021137 27.92 0 
+10 .021230 28.04 — 1 
+9 .021324 28.17 — 2 
+ 8 .021417 28.29 — 3 
+7 .021506 28.41 —4 
+ 6 .021604 28.54 - 5 
+ 5 .021697 28 . 66 — 6 
+4 .021791 28.78 — 7 
+ 3 . 021883 28.90 — 8 
it2 .021976 29.02 -9 

—10 





The only data with which the above measurements may be compared 
directly are those of Harkins and Cheng (3) who give values of 28.05 dynes 
per cm. at +10° C. and 29.38 dynes per cm. at 0° C. It will be seen that 
their value at +10° C. is practically identical with that given above, while 
the agreement at 0° C. is not quite so good. They do not give the details of 
the purification of their material and with the exception of the two values 
quoted, their measurements were all made at higher temperatures outside the 
range of the present experiments. Richards and Carver (5) using extremely 
pure carbon tetrachloride made accurate measurements of the surface tension 
at 20° C. This temperature is higher than any used in the present work, but 
it is interesting to note that extrapolation of the Equation (4) to 20° C. 
gives y = 26.80 dynes per cm. which compares very closely with Richards’ 
value of 26.77 dynes per cm. 
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THE SOUND FIELD OF MEMBRANES AND DIAPHRAGMS 


I. THE ANGULAR DISTRIBUTION OF THE SOUND PRODUCED 
BY A LARGE DIAPHRAGM ! 


By R. Ruepy? 


Abstract 


The amplitudes of the sound waves set up by a thin circular plate clamped 
at the edge and vibrating with circular and radial nodes, have been calculated 
for distances which are large with respect to the radius of the disk (loudspeaker). 
The results are compa with those obtained at various frequencies when a 
rigid oscillating piston set into an infinite wall is used as a source or reproducer 
x sound. The two main differences between the vibrating plate and piston 
are the much greater amplitudes obtained in certain directions when the 
diaphragm is used, even though the displacement at the centre of the disk 
may be the same in both cases, and the strong tendency to send the sound 
sideways instead of directly forward. While the diaphragm shares these proper- 
ties to a certain extent with the stretched membrane, it displays them in a 
more practical range. The theoretical frequencies at which these features are 
found to be most pronounced are in agreement with the values found by 
experiment. 


Introduction 


When studying surfaces and materials which are used as reproducers or 
sources of sound, a short rigid oscillating’ piston set into an infinite wall is 
commonly chosen as the basis of comparison. For ordinary purposes the 
radius of the disk or flat cone is about a decimetre so that up to at least 
250 cycles per sec., the point where the wave-length in air has dropped to 
133 cm., the dimensions of the disk are small compared with the wave-length. 
Below this frequency, which comprises only the lowest range of the vibrations 
reproduced in the ordinary telephone talking circuit (250 to 3,000 cycles per 
sec.), the disk acts more or less like a point source giving divergent waves 
with, at a given distance, the same amplitude whatever the direction. Above 
this frequency, however, up to 10,000 cycles per sec., the highest frequency 
for which modern transmitting circuits are designed, interference effects 
appear, and the sound becomes more and more concentrated along a few 
narrow beams. Indeed, for short waves, the variations in the distances of a 
given point from the various elements of the vibrating surface are of the order 
of the wave-length itself and the impulses received differ in phase except in 
the cases of those points which lie far away upon lines parallel to the normal 
to the disk (12, 16-18). 

The to-and-fro motion given to the reproducing surface—which is of the 
same type whatever the kind of sound concerned—approaches the behavior 
of the rigid piston. There are, however, not’ many musical instruments 
which approximate this artificial source (1). 

On the other hand, in order to get, with moderate magnetic or electrical 
forces, amplitudes of practical value, it is necessary to keep the mass of the 
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moving system small and the surface thin, this of course at the expense of 
stiffness. The rigid non-resonant piston thus becomes a thin plate, and the 
consequence is that at the higher frequencies all the disks and cones used 
in speakers vibrate in sections separated by circular or radial nodes. Recent 
investigations undertaken in various laboratories have actually established 
the fact that loudspeakers commonly possess fundamental natural frequencies 
of but a few hundred cycles per sec., and cease to be rigid above this point, 
that is, in the range where the focusing effect of the rigid disk begins (2, 3, 
8-12, 19-22, 24). Moreover, in at least one type of loudspeaker, namely, 
in the electrostatic type of reproducer, a thin membrane is caused to vibrate 
in an extended alternating electric field in such a way that there no longer 
remains any resemblance to the rigid piston at any frequency (7, 13, 23). 
Ever walls in buildings behave as large diaphragms when transmitting sound 
from one room to the other. 

In view of these conditions the surfaces of loudspeakers may be expected 
to combine the properties of pistons and diaphragms, and it is of interest to 
determine what properties are possessed by the sound field created by 
diaphragms or thin plates and what is the power emitted, computing the 
values to the same degree of precision as has been attained with the rigid piston, 


The Transverse Vibrations of Diaphragms (Thin Circular Plate 
Clamped at the Edge) 

Among vibrating plane surfaces the diaphragm, a very thin circular plate 
clamped along the edge, as far as mathematical analysis is concerned, is the 
two-dimensional development of the thin rod in the same way that the drum- 
head or membrane is related to the string. Plates of appreciable thickness 
form the transitional stage between oscillating plane surfaces and solid bodies 
vibrating in three dimensions. Once the surface has been deformed and 
released, the stiffness of the thin plate suffices to bring it back into its former 
shape. The equations of motion of a surface element, under the uniform 
external force N.¢”, are as follows (4, 6, 14, vol. I, p. 358): 
12s(1 — ut) Sw _ 12(1 — 4) yoo 

Eh? oF Eh’ 
FF 
or? 


A‘w + 


’ 


e 
ag? 
and w is the elongation normal to the surface, & is the thickness of the plate 
E the modulus of elasticity of the material, s the specific gravity and y is 
Poisson’s ratio for the material. 

In the case of resonance (N,=0) and assuming sinusoidal displacements, 
each element given by its polar coordinates (r, ¢) performs a simple harmonic 
oscillation normal to the thin plate according to the law 


Jn (xa) 
Ja(ixa) 


1 @ 1 
2 = = eum _— 
where A > hae 





ee [ Zeer) “ Jatinr) | (Ap cos 2p + By sin ng) e* , 


h E 
‘ “ = «2g? —— 4/____—- 
where p = Inf = Xa 2a? Via —y?) 
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for free or clamped plates when f is the resonance frequency of vibration. In 
the case of the membrane, the motion is given by the equation 


w=J,(xr) (A, cos no+B, sin n¢)e™ . 


Moreover, by virtue of the boundary conditions for the clamped plate, only 
those values of «x are admissible for which the Bessel functions J satisfy the 


relation 


a = see for r = a, the radius of the disk, 


Ja(xr) Ja(txr) 
or Law" Waster) for r =a. 





A number of solutions kpo@, Kpi@, Kad... Kn, and therefore a number of 
resonance frequencies f,,, result for each m, as shown by Table I, the over- 
tones of the thin plate progressing more rapidly to higher values than those 
of the membrane and producing a somewhat more harmonious sound (Fig. 1). 
Neglecting yu? (which usually lies between 0 and 0.25) the resonance frequency 
may, be written 


fas = 0.046 Se 





hc, 


for instance, fo.=0.466 hCy/a’am , with Cy, , the velocity of sound vary- 
ing from about 500 m. for cork to 5,000 m. for aluminium and iron, and it 
follows that for a disk of 10 cm. radius, resonance is produced at short wave- 
lengths unless the thickness of the plate be kept very small (h<0.1cm.). 
Interference effects are therefore to be expected as a rule in the space facing 


TABLE I 
SOLUTIONS OF THE DIAPHRAGM EQUATION J,(xa)J’n(ixa) = Jn(txa) J’, (xa) 





y=0 re | y=2 y=3 y=4 v 
n=0 3.1961 6.3064 9.4395 12.577 15.716 (v+i1)e 
1 4.611 7.7993 10.958 14.108 a (v + 3/2) x 
2 5.9056 9.1967 12.402 15.579 —- (vy +2) 
3 7.143 10.537 13.795 = os (vy + 5/2) 4 


(»+14+3)= 





(n = number of nodal diameters, v number of nodal circles). 
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compared to the rest of the surface. The number of nodal diameters is 
particularly important in this respect. When there is an even number of 
diameters upon which the elements remain permanently at rest, any two 
points symmetrically situated with regard to the centre move in exact phase. 
When the number is odd, the two symmetrical points have the same amplitude, 
but move in different directions. 

From the equation giving the displacement of the surface elements the 
velocity of the points along the direction normal to the disk can be expressed 
as follows: 

aS Ja(xa) " 
wo! = to (r, ¢)at8 [ Ja(«r) Fy 5 JaCinr) | (A's cos nd + B's sin ng)et? 


where A’, = ipAn al B’, = ipBs . 


a Pressure Amplitude and Direction 


The problem is to compute for the distant point P the pressure p of the 
air and the velocity » resulting from the vibrations of the diaphragm set 
into an infinite wall. The shortest method is first to ascertain Rayleigh’s 
velocity potential @ at the point selected: 


= + [w0r.e) dot Sas : 
Ss 





where R is the distance of the point P 

from the various surface elements, and 

k=2n/d. In the present case, point P is 

chosen so far away that the lines connect- 

ing it with the surface are all parallel to 

each other. . 
The centre of the circular diaphragm 

is taken as the origin of a system of polar 

co-ordinates (Fig. 2). A perpendicular 

from the surface element dS at the point 

S(r, ¢) upon the line OP joining the 

distant point P(r, ¢, y) to the origin a 

intersects OP at the distance / from the Fic. 2. Relation between surface element 

origin. If the distance OP is made equal = _—” es 

to R,, then PS equals R,—/, and the 

distance from the point S’ symmetrically situated with respect to the origin 

is equal to R,+/ where, with p as the angle between OS and OP, 


l=rcos¢=rcos (¢@—@)siny. 





Therefore 





= - mf me et #@lds . 


Here the value of R, is constant and much larger than / as long as we are 
interested only in the effects produced at remote points along a chosen direction. 
When surface elements which lie symmetrically with respect to the centre 
vibrate with the same amplitude and phase, that is, when w(r, ¢) equals 
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w(r, ¢+180), and m is even, corresponding pairs of points may be combined 
and give 


bun hi ial 
00 


and in the case of opposite phases (m an odd number) 
r 


[rar f 2(r, @) sin (kr sin y cos (4o—¢)) do , 


o o 


© = — igo! 





where in both cases 


y= [ Ja(er) — eS Jalier)] [4 ‘ay COS NH + B's, sin no 





Pressure P and velocity v at the point (7, ¢) follow from the relations 
P =— pab/at (where p is the density of the air) and v= —9¢/dR, giving a 
velocity component in phase and a component out of phase with the pressure 
whieh for even values of are: 


rr tr 
v= am can [frarag w(r,¢) coskl — apmeam. [fr dr dp w(r, ¢) cos kl. 
00 me) 


For computing the integral entering into the velocity potential $, advantage 
may be taken of the following relations: 


cos (g cos ¢) = Jo(g) — 2J2(g) cos 26 + 2Ji(g) cos4@—-. ... 
sin (g cos ¢) = 2J:(g) cos ¢ — 2J3(g) cos 3g + 2Js(g) cos 5G... 


and as 
T 
Jicos ne cos (g cos ¢) dé = xJn(g), if w is even; zero, if # is odd. 
0 


Tt 


[os np sin (g cos @) dp = zero, if miseven; wJa(g), if m is odd, 
o 
hence, by using (¢.—@) as the new variable: 
Tr 


[28 26 c08 (¢ cos (to—#)) 4 = © COS Noo Ja(g), if m is even, 


r 
fein n@ sin (g cos (¢.—¢)) dd = x sin Ngo Jn(g), if m is odd, 
0 , 


fra np cos(g cos (¢o.—¢)) do = zero, if n is even, 
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[cos mo sin (¢ cos (40-4) dp = zero, if m is odd. 
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Finally 
r=a 
a r Jn(x 7) Ja(kr sin y) 
o io 
"Atle ta yy (ka sin y Jn-s(ka sin y) Ja(xa) — xa Jn-s(xa) Ja(ka sin y)) 
r=a 
x | dr r J,(ixr) Jn(kr sin y) 
o _ 
~aa aa (ka sin y Jo_i(ka sin y) Jn(ixa) — ixa Jps(ixa) Ja(ka sin y)) 
—r7a? Ja(ixa) 


2a" + (ka sin y)® Ja(xa) (ka sin y Je _1(ka sin 9) Ju(xa) - xaJn-1(xa) Jn(ka sin y)). 
With the two terms combined and taking into account the boundary 
contition the final result of the integration, apart from the factor 
— 2x2a? a%e HR e'?t A’,,/Ro 
is given by 


Olen ka sin y Jo_i(ka sin y) Jo(kn@) — Kad Jo-1(knd) Jn(ka sin y) 


(Kn,@)* — (ka sin -y)* 


for even values of m, and by the same expression except that the cosine is 
replaced by the sine function and A by B for odd values of n. 

This result may be compared with the expression valid for the clamped 
circular membrane for which J,(xa)=0, and 


Kos Jn_1(Knet) Jn(ka sin y) 


© [cos 4 (ne@)? — (ka sin yy)? 


for even values of m, apart from the factor —a%—** <4’, /R., and, finally, 
with 


& = — a*etrt 


e~ BR. Ji(ka sin y) 
Ro  ° kasiny 
for the rigid piston, where w, is the velocity amplitude of the solid elements, 


the same over the entire surface of the piston. The pressure at any distant 
point is found from # by multiplying with the factor 7p and the density p 


of the air. 
Discussion of Results 
For a diaphragm of a given material, provided only that its thickness is 
sufficiently small, the wave-length corresponding to the fundamental frequency 
foo will be much larger than the radius a; in other words, ka and ka sin y 
become negligible compared to x..a@ . However, by virtue of the formula 
determining the natural frequencies 


2nrc 


Noy 





2 2 
Pov = 2xfay = = 0.29 <aS hc 


(where c is the velocity of sound in air), the rate at which k=2x/A grows 
when progressively higher overtones are chosen is determined by the square 
Of xp so that there exists a frequency at which ka sin y becomes equal to xa. 
Up to this stage, and for a given angle, the denominator of ® has kept falling 
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steadily except in the neighborhood of the points for which the numerator 
reduces to zero, and the pressure amplitude at the point P has passed from 
negligible to large values. Beyond this point it drops again. The increase 
with frequency will be more rapid the larger the angle y. 

The practical bearing which these results may have depend on the relation 
between k and x: 


b= 0. 29 ra she. 


Taking as an average value for C that of brass, namely, 3,580 m. per sec., 
or of oak or beechwood, 3,300 to 3,400 m. per sec., with the radius of the 
disk as before equal to 10 cm. and neglecting yz’, then at resonance 


hay = $= = 0.029 (easa)*h —~> 0. 029 (> +145) h 


or he —> 0.29(r+1+5) 4. 


The corresponding values are shown in Table II. 


' 
TABLE II 
VALUES OF 2x/\ AT THE RESONANCE FREQUENCIES FOR AN AVERAGE DIAPHRAGM 


(C/c = 10 AND a = 10 cm.) 





Number of nodal circles 


y=0 y=il y=2 y=3 p= 4 


Ro» 0.295h 4.67h 7.03 h 
Koy 3.196 12.58 to.¢0 
ky 0.614h 5.75h 

«1,4 4.61 14.11 

key 1.014 7.02h 

Key 5.91 15.58 

ky 1.78h 

3,0 7.14 








For a given v the values of ka and x,,a@ become equal when 1 satisfies the 
relation (3+ r)ra 210 For practical purposes (h<0.1cm.) whenever the 


radius of the diaphragm exceeds several centimetres, the value of xa is always 
appreciably larger than ka sin y in the case of all the simpler forms of vibration 
(m or »y <4), and with all the common materials the great maximum of pressure 
amplitude is reached only in the ultrasonic region. With paper, however, 
resonance frequencies seem to be pronounced at »>10 (19). Below this value 
the amplitudes keep on increasing at each successive resonance frequency, the 
growth being most rapid for large angles with the normal. 

In addition, there is a variation of the sound pressure amplitude as the 
angle y with the normal is changed. For a given resonance frequency the 
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value of the numerator depends only on the value of ka sin y, being, for n=0, 
for instance, equal to —ka sin y Ji(ka sin y) J,(xa)+xa Ji(xa) J.(ka sin y), or 
varying between Kod Ji(ko.@) and + kod Ji(kovt) Jo(xa) —ka Jo(koa) Ji(ka) as 
y changes from 0 to 90°. For the fundamental resonance frequency and the 
first overtones the denominator retains the same sign. Beyond xa or ka sin y 
equal to 2.4 in the case of J, and 3.8 in the case of Ji, the Bessel functions 
change sign as the angle is varied, and as the terms grow at different rates 
they cancel for certain angles y. Thus, for the third overtone there is no 
change in pressure along the direction which forms an angle of about 40° with 
the normal; for the fourth overtone (xa=15.72, ka=7.03) the silent zones 
lie between 20 and 30°, and between 50 and 60°; for the fifth overtone 
between 10 and 20, 30 and 40, and 60 and 70°. For progressively increasing 
valueg we may write - 


Kop = (v +1) a and «,,a = (»+3)* - 








and 
Ideas) ~ MA StHeteosethe  . i. 
avv+i1 eve +l 
Klint BSED ig ncaa 
Vy +1 rvv+1 
so that 


Sey gt desing Jie cin 2) F + Ne Jefe sind) 0, uy, 


aw vv + 1((« + 1)* 24 — (ka sin y)*) 


with the pressure amplitude dropping to zero for all values for which 
(v+1)r=ka sin y Ji(ka sin y) /J.(ka sin y), in which formula ka sin y varies 
between 0 and ka. We have then as many silent zones as there are zero 
values of J;(ka sin y) below Ji(ka), evidently fewer, the smaller a and A, rules 
which are already valid for overtones of low order. 

Finally, owing to the presence of the factor cos m@, (or sin m@,. when » is 
odd) in the formula, no sound pressure changes develop in the planes per- 
pendicular to the diaphragm and passing through the nodal diameters, a 
conclusion which is in agreement with the experimental results. The larger 
the number of nodes passing through the centre, the smaller the intensity 
in the forward direction along the normal axis, because of the higher order of 
the Bessel function J,(ka sin y) which must then be used. 


Comparison with the Angular Distribution Produced by a 
Membrane or Piston 
In order to give an illustration of the angular distribution of pressure 
amplitude produced by the diaphragm, the formula has been applied to a 
thin plate vibrating with zero, two or four circular nodes (n=0), assuming 
a=10 and h=0.1cm. The corresponding resonance frequencies are there- 
fore foo = 150, foz = 1,340 and fos = 3,740 cycles per sec. (Figs. 3 and 4). Although 
the higher frequency is still far below that at which the highest possible 
maximum of pressure is obtainable (at ka=xa~31, or f about 166,000), the 
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pressure amplitudes exceed the values for the ngid piston at practically every 
large angle, provided, of course, that the velocity amplitude of the central 
point is the same in both cases. 

The power emitted sideways is most remarkable, and in distinct contrast 
to the behavior of the rigid piston which tends to throw the sound directly 
forward. This point would seem to warrant further experimental tests. At 
a frequency of 3,740 cycles per sec. the sound emitted by a rigid piston of 
10 cm. radius lies almost entirely within the angle y=sin~ 2X 10‘ /af = 30°. 





4 ; 1 1 ; 
Fic. 3. Polar diagram of the velocity Fic. 4. Polar diagram of velocity potential © of 

potential of a Gatvean (thin plate) a ge (thin ) vibrating with four circular 

vibrating with two circular nodes with nodes, with piston for comparison. One untt of scale 


piston for comparison. One unit of scale equals «-&R./R,. Resonance frequency, 3,750 cycles 
equals ¢-~@&R./R,. The lower curve repre- per oe. f 

sents the results for two diametral and one 

circular node and about the same resonance 


frequency. (1,350 cycles per sec.) 


A second example corresponding to the vibration with two nodal diameters 
and in addition either no circular node (fm=530), or one circular node 
(fa =1,260) and three circular nodes (fx=3,700 cycles), or practically the 
same frequencies as before, shows that at all these frequencies there is little 
variation of the sound pressure amplitude when the angle with the normal 
increases from about 50 to 90°. 

The advantages to be derived from the fact that a circular vibrating surface 
behaves as a flexible structure are, therefore, not only increased output, at 
certain resonance frequencies, but more even distribution of sound, even 
though the wave-length be smaller than the radius. 

The thin circular plate clamped at the edge shares these properties to a 
certain extent with the clamped membrane. There exists, however, the 
difference that, owing to the relation, 


2 iT 
2rfoe = x = t= 
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IT 
Rug = wa 


where xp, now is one of the solutions of the equation J,(xa) =0, the values of 
ka and xa increase at the same rate, so that a stretched membrane either 
gives high sound pressure at all resonance frequencies (when k=x), or, when 
the wave-length corresponding to the lowest natural frequency is larger than 
the diameter of the disk, negligible sound pressures at all frequencies. 


Now the resonance frequencies f,, of the membrane are given by 


Kn. |T 
‘ Soa 2xa No 
‘ , 


where Tdl is the tension in dynes across a straight line of length di drawn 
anywhere upon the membrane and o the mass per sq. cm. A membrane 
sending out at resonance a wave-length comparable to its own dimensions 
(3,300 cycles per sec. or \=10 cm.) would require too high a tension to be 
safely applied to a membrane of 10 cm. radius, so that the high outputs are 
not obtained in practical cases when structures resembling clamped membranes 
are used as sources or reproducers of sound. 


Another difference between membrane and diaphragm is the position of 
the silent zones. In the case of the circular membrane, no sound pressure 
develops along directions for which J,(ka sin y) =0, or for a given frequency, 
along as many directions as there are nodal circles, the angles being, however, 
the same for a given nm, apart from their number. For a diaphragm, on the 
other hand, the silent zones are given by (when xa#ka sin y) 


Jn(ka sin y) a Ja(kny@) s 
ka sin y Jonr(ka sin y) kn Jn_1 (Kay) 


a relation more difficult to satisfy than the condition found for the membrane, 
and giving a smaller number of silent zones when 1 is large. 


The results obtained have been used for computing the total power radi- 
ated by membranes and diaphragms. The results for very strong vibrations 
will have to be corrected by terms taking into account air-damping and 
radiation resistance. 
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